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Mappable units in the Park Butte-Lcomis k'ountain a'^ea of northwest­
ern Washington are distinguished on the basis of aoe. lithrlonic associa­
tion, structural position, and metamorphic recrystallization. There are 
four volcanic/volcaniclastic units: the Chilliwack Group, the Cultus For­
mation, the Elbow Lake-Haystack Mountain unit, and the Mooksack Group: 
and at least three allocthonous crysta'line units: ultramafic rock (in­
cluding the Twin Sisters and Goat Mountain durr'te bodies), the Yellow 
Aster Complex, and the Vedder Complex. All .inlts occur as tectonic frag­
ments (fault bounded blocks) which are juxtaDosed along anastomosing, 
horizontal to low angle, west dipping faults.
The upper Paleozoic Chilliwack Group is representea by the lower 
clastic seguence. Red Mountain limestone, and part of the upper clastic 
sequence. Stratigraphy, chemical composition, point coucit data on sand­
stones, and compositions of magmatic clinopyroxenes sunnest a volccnic 
arc environment of deposition. The l.oomis Mountain aacite center -is 
tentatively considered partly correlative with the ''-'errnian volcanic 
sequence exposed in the Chilliwack Valley, 8r-itish r.olumbia. In the 
stud;'' area, this dacite center is interbodded v;it^ the friassic Ci ltus
For'^'ation.
The Elbow Lake-Haystack Mountain unit is recognized by the presence 
of ribbon chert and titanaugite-bear1ng basalt in a sequence of siiLstone 
and minor sandstone-graywacke. This unit is the most highly deformed of 
all the volcaniclastic units. The age is questionably Jurassic based on 
work in the Haystack Mountain area of fruver (thesis in progress). In 
this thesis and that of Cruver, it is e newly proposed 1itho*cgic-tectonic 
element in the North Cascade footni'^ls.
The Yellow Aster Complex in the study area is subdivided into the 
Yellow Aster Complex sensu stricto and the mafic/ultramafic Yellow Aster 
Complex on the basis of differing lithologies. The Yellow Aster Complex 
sensu stricto consists of pyroxene gneiss and related intrusives and is 
correlative with the Yellow Aster Complex at Yellow Aster Meadows. Geo­
chemical data for the non-gneissic greenschist facies intrusives suggest 
a volcanic arc environment of intrusion. The mafic/ultramafic Yellow As­
ter Complex occurs as tectonic fragments separate from the Yellow Aster 
Complex sensu stricto, and consists of pyroxenite, cumulate gabbro, and 
gabbro. The mafic/ultramafic Yellow Aster Complex may represent the 
structurally lower portion of the Yellow Aster Complex at Yellow Aster 
Meadows or possibly even a separate unit. Amphibole schist and pelitic 
schist of the Vedder Complex crop out as tectonic fragments imbricated 
with Yellow Aster Complex and ultramafic rocks within the Bell Pass fault 
zone.
The Twin Sisters Dunite is interpreted from map relations to be im­
bricated with other rock units of the study area along low angle faults. 
Numerous smialler fragments of dunite and serpentinized dunite-ha>^zburgite 
are imbricated throughout the area.
The distribution of allochthonous crystalline rocks delineates the 
major low angle, west dipping fault zones within the area. The direction 
of thrusting is interpreted to be northwest-southeast or east-west 
based on the orientation of a large recumbent fold within the area.
This low angle fault zone corresponds to the imbricate zone of Misch (1966). 
the low angle structures are slightly modified by Tertiary folds and 
Tertiary (?) high angle faults in the study area.
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The primary purpose of this thesis is to provide an explanation of 
the structural relationships among the various pre-Tertiary units within 
the Park Butte-Loomis Mountain area, Washinqton. The study area, located 
immediately south of Mount Baker, is 45 km. east of Bellingham (Figure 1). 
It emcompasses approximately ?30 square kilometers (90 miles ). Relief 
is moderately rugged with elevations ranging from 1700 ft. to 6500 ft..
Most of the area is within the Mt. Baker National Forest. As is typical 
for the North Cascades, vegetation is lush, f^ost of the area is below 
timberline so that outcrops are limited to mainly cliffs, stream beds, 
and road cuts. Access to the area is enhanced by a system of Forest 
Service and private roads. For this mapping project, the 195? Hamilton 
15 minute quadrangle w-as enlarged four times to a scale of 1:15,840 
C4 inches = 1 mile). Field work was accomplished in approximately 100 
days during the summers of 1980 and 1981.
A. Previous Work
Work in the North Cascades, both in Canada and the USA, has in the
past mostly been carried out in reconnaisance fashion due to the diffi­
culty of the terrain. Rock units in the area have been previously assian- 
ed to the Chilliwack Croup, Yellow Aster Complex, Vedder Complex, and 
Twin Sisters and Coat Mountain dunite bodies (see Figure 1). Lithologic 
units for the most part are intormally named. This section will attempt 
to present the nomenclature of the lithologic units as clearly as possible.
As previoiislv mapped (Raoan 1961; Misch 1966, 1977a), the study area 




Figure 1 Geologic map of the western North Cascade foothills showing
location of the study area from Brown and others (1981), based 
on data from Huntting and others (1961), Misch (1966, 1977a), 
Schmidt (1972), Bechtel Report (1979), and Brown and others 
(1981). (modified by Blackwell, 1982)
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with terminology of the Chilliwack Group, the reader is encouraged to 
refer to the summary of Chilliwack Group terminology (Figure 2).
In the type area of the Chilliwack Group (Chilliwack Valley, British 
Columbia), Daly (1912) divided the Chilliwack rocks into two units: a 
lower section, termed the Chilliwack Series, composed mainly of sedimen­
tary rocks; and an upper volcanic section which he termed the Chilliwack 
Volcanic Formation. Cairnes (1944) described these units as the Chilli­
wack Group on the Hope sheet.
Hill house (1956) described the limestones of the Chilliwack Group 
near Cultus Lake, British Columbia. He observed that most were of Early 
Permian (Wolfcampian) age, but that they may range from Mississippian to 
Triassic. A stratigraphic reconnaisance of Chilliwack rocks in the foot­
hills and islands of northwestern Washington was carried out by Danner 
(1957). On the basis of faunal assemblages in limestones, he determined 
the Chilliwack Group to range from Middle Devonian to Late Permian. He 
subdivided the part of the Chilliwack Group that could be proven to be 
stratigraphically continuous into two formations: 1) the lower. Red 
Mountain Formation, which consists of clastic sedimentary rocks, volcanic 
rocks, and limestone of Late Mississippian or Early Pennsylvanian age; 
and 2) an unconformably overlying Black Mountain Formation, of Middle to 
Late Permian age, which consists of limestone lenses, graywacke, silt- 
stone, volcanic rock, and minor ribbon chert. Devonian limestones were 
not found in any stratigraphic continuous sections, and therefore were 
not given forniational status.
Smith (1961) divided the Red Mountain Formation into two infor’mal 
members, the lower argillite member and the upper limestone member. 1 he 
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limestone lenses interbedded with tuff, graywacke, argillite, and vol­
canic rock. The Red Mountain formation was observed to be overlain 
unconformably by the informally named lower conglomerate member of the 
Black Mountain Formation. In 1966, Danner changed the Red and Black 
Mountain Formations to informal sequences.
Monger (1966) observed two clastic sequences overlain by a volcanic 
sequence in the Chilliwack Group at the type section. He followed the 
stratigraphic nomenclature set up by Danner (1957), but restricted Danner 
formations to the limestones. Figure 3 shows the general stratigraphy 
of the type area. The lower clastic sequence consists of 2500 feet of 
argillite and volcanic arenite, which becomes tuffaceous near the top. 
This is conformably overlain by 100 feet of argillaceous limestone of 
Lower Pennsylvanian age (Red Mountain limestone). The upper clastic 
sequence consists of argillite, graywacke, conglomerate, and limestone 
and may contain one or more disconformities. The upper clastic sequence 
is capped by 300 feet of Early Permian (Leonardian) limestone. This 
typically cherty limestone separates the upper clastic sequence from the 
interbedded and overlying Permian volcanic sequence. The volcanic 
sequence consists of andesitic flows and tuffs, minor chert, and minor 
argillite. A disconformity, of possibly regional extent, separates the 
Permian volcanic sequence from rhythmically graded, fine volcaniclastic 
arenite and argillite of Late Triassic to Jurassic age (Cultus Formation) 
These units are deformed into a series of nappes containing recumbent 
folds.
Beatty (1974) studied the metamorphism of the Permian volcanic 
sequence in the type area of the Chilliwack Group. He found the inten­
sity of metamorphism to increase from west to east by the sequence of
6






Early Permian Permian volcanic sequence
(Leonardian) 700 to 2000 feet
Early Permian Permian limestone
(Leonardian) 300 feet
Permian and upper clastic seouence
Pennsylvanian ? 450 to 800 feet
Lower Pennsylvanian Red Mountain limestone
(Morrowan) 100 feet
Lower Pennsylvanian ? lower clastic sequence
2500 feet
Fiqure 3 General stratigraphy of the Chilliwack Group, type area, 
Chilliwack Valley, British Columbia (after Monger, 1966).
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mineral assemblages: prehnite-chlorite, pumpellyite-lawsonite-chlorite. 
pumpellyite-actinolite, and epidote-actinolite. He believed the metamor­
phism to reflect burial during Middle Jurassic to Middle Cretaceous time.
Liszak (1982) worked on the stratigraphy of the Chilliwack Group in 
the Black Mountain area, Washington, immediately south of Monger's 1966 
study area (see Figure 1). He measured a 1260 meter section of Chilliwack 
Group rocks from the "Silver Lake" clastic unit (lower clastic sequence of 
Monger, 1966) to the "Maple Falls" volcaniclastic unit (facies of the Per­
mian volcanic sequence of Monger, 1966). The "Silver Lake" clastic unit 
was interpreted by Liszak to have formed on a submarine slope adjacent to 
an island arc. The conformably overlying "Red Mountain" limestone (termi­
nology of Liszak, see Figure 2) is a shallow water carbonate deposit of 
late Visean (Mississippian) age, based upon a diverse cosmopolitan fauna 
of the Eurasian faunal realm. The age of the "Red Mountain" limestone as 
determined by Liszak is slightly older than that suggested by Danner (1966) 
(see Figure 2). The overlying "Old Goat" clastic unit (upper clastic unit 
of Monger, 1966) consists of coarse volcaniclastic rocks interpreted as 
resedimented slope, channel, and overbank sediments, deposited adjacent to 
a subaerial island arc. This sequence is overlain by the early Leonard!an 
(Permian) cherty limestone which contains a non-Tethyan microfauna, and is 
informally termed by Liszak the "Black Mountain" limestone (Permian lime­
stone of Monger, 1966). The uppermost unit, the "Maple Falls" volcaniclas­
tic unit consists of volcaniclastic rocks interpreted as suprafan deposits 
on a submarine fan. This last unit is believed by Liszak to be a facies 
of Monger's Permian volcanic sequence,
Christenson (1981) found the Chilliwack Group in the vicinity of 
Sauk Mountain, to the southeast of this study area (Figure 1), to be
8
divisible into three mappable units: a clastic unit, a volcanic unit, and a 
carbonate unit. Point count data from graywacke indicate a magmatic arc pro­
venance for the clastic rocks, which he believed to be deposited within a 
submarine fan complex. Major and trace element geochemistry of the volcanic 
flow rocks suggest that eruption occurred either in the earliest stages of de­
velopment of a magmatic arc or in the early stages of development of a back- 
arc spreading center.
Several crystalline units are imbricated within the Chilliwack Group 
and considered to be exotic to that unit. The Twin Sisters Dunite is the 
largest crystalline exotic in the study area. It crops out along the west­
ern border (see Figure 1) and has been the subject of several studies.
Ragan (1961, 1963, 1967) investigated the petrology and structure. He 
identified four stages of deformation and crystallization of probable mantle 
origin: 1) primary?, 2) early flow, 3) transitional, and 4) cataclastic.
His study also includes mapping contact relationships between the dunite 
and the Chilliwack Group along the eastern margin of the Twin Sisters Dunite. 
Ragan's work on the deformation and crystallization was refined by Onyea- 
gocha's (1973, 1978) petrographic and electron microprobe study. He re­
organized Ragan's crystallization stages and defined a new crystallization 
stage: tremolite + anthophyl1ite + talc. This stage occurred during tec­
tonic transport within the upper crust as a result of permeation of fiuids 
into fractures within the dunite body. A study of the seismic anisotropy 
of the Twin Sisters Dunite by Christensen (1971) supported Ragan's (1961) 
view' that upoer mantle flow caused the observed deformational features. 
Christensen suqgested that the dunite body was tilted westward after or 
during emplacement along a thrust fault.
Two studies of the internal structure of the Twin Sisters Dunite
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were carried out by Hersch (1974) and Levine (1981). Hersch (1974) studied 
compositional layering in a small section within the northeastern portion 
of the Twin Sisters Dunite. The layering was found to consist of thin 
dunite layers within larger harzburgite layers. The strike of the layering 
is north-northwest, roughly paralleling the long axis of the dunite body, 
and dips steeply to the east. The layering was concluded to have formed 
at high temperatures before emplacement, and believed to represent meta- 
morphic foliation which may be transposed primary cumulate layering. Levine 
(1981) worked on the internal structure of the northwestern portion of the 
Twin Sisters Dunite. Chromite and occasional harzburgite layering is the 
main structure present and is believed to be the result of transposition.
The strike of the layering is north-northwest with steep easterly dips near 
the core which become gentler toward the western flank, Levine interpre­
ted this change in the dip of the layering to represent movement of the 
dunite body over a thrust fault. Olivine petrofabric analysis of dunite 
samples near the western margin done by Levine (1981) indicate a low temper­
ature (J’SSO^C) clockwise rotation of the petrofabric. This is interpreted 
by Levine to represent modification of the western boundary by right-lateral 
strike-slip movement,
A gravity and aeromagnetic survey by Thompson and Robinson (1975) 
indicates that the Twin Sisters Dunite is a lenticular body approximately 
6000 feet thick with steep marginal and shallow basal faults. They postu­
lated that a concealed serpentinite body, 6000 feet thick, exists along 
the western margin of the body.
Beck (1975) determined that the Twin Sisters Dunite has a homogeneous 
remnant magnetism directed nearly due east and inclined about 60° below
in
the horizontal. Assuminq Early Tertiary maqnetization, Peck and others 
(1982) suqgested that this discordant pole is best explained by clockwise 
rotation during tectonic emplacement. Such a rotation is compatible with 
right-oblique convergence between the Farallon and North American plates 
which occurred during this time.
Besides the Twin Sisters and Goat Mountain dunite bodies, two other 
exotic crystalline units (i.e. not Chilliwack Group) are known to crop 
out in the study area (see Figure 1). The Yellow Aster Complex (YAC) 
consists of a suite of rocks which occus as tectonic fragments in the 
foothills of the North Cascades, The YAC was designated by Misch (1986) 
to represent several types of crystalline rocks which he believed to be 
pre-Devonian in age and basement to the North Cascades. Mattinson (1972) 
dated the pyroxene gneiss and quartz dioritic gneiss of the YAC from 
Yellow Aster Meadows by U/Pb methods. Mattinson (1972) internreted a 
Precambrian (1450-2000 ma) crystallization age for zircon in the pyroxene 
gneiss based upon a best estim.ate of the last Pb-loss in the sample, which 
he noted was not well established. Misch (1977a) interpreted this Precam­
brian age as the first orogenic-metamorohic event recorded in the YAC.
A second, younger (Caledonian) amphibolite facies orogenic event is re­
corded by metamorphic sphene in the pyroxene gneiss from which Mattinson 
(1972) obtained a concordant U/Pb age of 415 ma (Silurian), A discordant 
zircon age was obtained on the intrusive gneissic diorite which Mattinson 
(1972) interpreted to represent a ^25 ma (Silurian) intrusive age and a 
90 ma (mid-Cretaceous) metamorphic age. Recent neochemical work by Misch 
and Babcock (1982) on predominately the gneissic rocks suggest they
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represent orthogneisses of a continental margin magmatic arc or a very 
mature island arc system.
Armstong and others (in press) formally named the late Paleozoic 
tectonic fragments of schist and amphibolite in the foothills as the 
Vedder Complex. They observed that amphibolite previously mapped as 
part of the Yellow Aster Complex were metamorphosed to a different facies 
than the gabbroic parts of the Yellow Aster Complex and is of a quite 
different age (Permian, as opposed to Silurian). Thus the Permian schist 
and amphibolite constitute fragments of a separate group of rocks un­
related to the Yellov' Aster Complex. Rocks of the Vedder Complex crop 
out within the study area, to the immediate northwest in Rady's (1980) 
thesis area, and throughout the foothills of the North Cascades. ___
Several other studies have been carried out in the North Cascades 
foothills, both within and near the present study area. Smith (1961) 
observed the Red Mountain Formation to cron out at Washington Monument 
near the southern boundary of this study area. Smith also noted a se­
quence consisting of limestone overlaTn by argillite near Dock Butte 
in the southern portion of the study area. Danner fl966) in his report 
on the limestone resources of w'estern Washington studied the limestone 
outcrops at Dock Butte and Washington Monument. He also documented 
three other limestone outcrops in ano near Ridley Creek in the northwest 
corner of the thesis area, as well as limestone outcrops along the lower 
portion of the Dock Butte trail in the southeastern portion of the map 
area.
Frasse (1981) mapped the western and southern boundaries of the
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Twin Sisters Dunite adjacent to my study area (Figure 1). He determined 
that the western and southern borders of the Twin Sisters Dunite are 
dominated by high angle northwest trending faults. The Hoat fountain 
dunite body , to the southeast of the Twin Sisters, was determined to 
structurally overlie rocks of the Chilliwack Group along a low angle, 
west dipping fault which is truncated by a later high angle northwest 
trending fault zone. In the Groat Mountain area, to the immediate 
northwest of the study area (Figure 1), Rady (1980) mapped the Chilliwack 
Group, Vedder Complex. Nooksack Group, and Jurassic-Cretaceous phyllites. 
Both high and low angle faults separate the units in that area. Leiagi 
(thesis in progress) has mapped a segment of the Shuksan thrust in the 
area of Mount Shuksan, to the immediate northeast of this study area 
(Figure 1). He mapped a three kilometer zone of anastomosing thrust 
faults which imbricate slices of ultramafic rock, Vedder Complex, and 
Harrington phyllite within the Chilliwack Group, structurally below 
the major Shuksan thrust fault.
Testa and others (1982) have recognized the presence of titanaugite- 
bearing volcanic rocks within the Church Mountain thrust plate of Misch 
(1966). It is not known whether these rocks are stratiqraphically with­
in the Chilliwack Group or are tectonic slices, such as the Yellow Aster 
Complex and Vedder Complex rocks. Titanaugite-bearing volcanic rocks 
occur as a fault bounded tectonic slice within the Ht. Shuksan area 
(Leiggi, personal communication, 1981). Cruver (thesis in progress) is 
working on the petrology and geochemistry of volcanic rocks in the Hav- 
stack Mountain area (Figure 1) which are also titanaugite bearing. Cruver 
informally terms these rocks the Haystack Mountain unit.
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Franklin (1974), Milnes (1976), Dotter (1977), and Jenne (1978) 
mapped along the Shuksan thrust fault south of the Skagit River in the 
Prairie Mountain-Illabot Peak area (Figure 1). They observed rocks of 
the Chilliwack Group and Yellow Aster Complex in what they termed a 
melange zone. They made no attempt to subdivide the Chilliwack Group.
The regional geologic setting, as well as the basic units, of the 
North Cascades have been the subject of debate. The earliest work is 
that of Peter Misch (1952, 1960, 1966, 1976, and 1977a) and his students 
at the University of Washington. It is through their efforts that most 
of the understanding of the general geology of the North Cascades is 
known. Most of this early work was conducted during the 1950's and 
1960's when road acess was relatively limited. Misch (1966) interpreted 
the Chilliwack Group to have resulted from an interfingering of sedimen­
tary and volcanic rocks of an ensialic arc on a continental margin. 
According to Misch's interpretation, the Chilliwack Group occurs as one 
of two or more stacked thrust sheets. It is sandwiched between the 
relatively autochthonous Jurassic-Cretaceous Nooksack Group and the 
structurally overlying Shuksan thrust plate (Figure 4). Imbricated 
along the Shuksan thrust fault are numerous tectonic slices, including 
rocks of the Yellow Aster Complex and the Twin Sisters Dunite. Misch 
interpreted the Yellow Aster Complex as sialic crystalline basement rock 
and interpreted its presence along the Shuksan thrust as evidence for 
the deep-seated root of the thrust.
Monger (1977) mapped and studied Paleozoic and Mesozoic rocks in 
British Columbia. He used lithologic and faunal assemblages to aid in 
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represent particular tectonic settings. He suggested that the Permian 
volcanic sequence in the Chilliwack type area represents a volcanic center 
which developed on an older, mainly volcaniclastic and shale, sequence 
(Red and Black Mountain Formations of Danner, 1957).
Vance and others (1980) proposed the hypothesis that a small Jurassic 
ocean basin once existed in northwestern Washington, and is now represented 
by a tectonically fragmented Jurassic ophiolite sequence best preserved 
in the Ingalls and Fidalgo ophiolites. They suggested that the ophiolite 
was obducted to the north over an adjacent continental terrane, which 
included Vancouver Island, the northern San Juan Islands, and much of 
the North Cascades. In their model, the Twin Sisters Dunite is included 
as part of the ophiolite, and the Church Mountain plate (Chilliwack Group) 
represents a large tectonic fragment of the continental terrane.
Whetten and others (1980) proposed that the Twin Sisters and Goat 
Mountain dunite bodies were part of a Late Cretaceous thrust plate which 
was emplaced above all of Misch's (1966) hypothesized thrust sheets 
(i.e. above the Shuksan plate). This possible uppermost plate was termed 
the Haystack thrust plate.
B. Summary of Problems to be Solved
This study was concieved in an attempt to answer the following ques­
tions related to the study area;
1) What are the structural relationships among the mutually associated
Yellow Aster Complex, Vedder Complex, Chilliwack Group, and Twin Sisters 
Dunite within the study area?
2) Is all the rock previously mapped as Chilliwack Group in the study
area in fact part of this unit?
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3) Is' there any determinable stratiqraphy and/or structure within the
Chilliwack Group of the study area?
What do relict features within the Chilliv/ack Group indicate about 
its depositional environment?
5) Is the Chilliwack Group in the study area correlative to other litho­
logies mapped as Chilliwack Group at Sauk Mountain. Black Mountain, Groat 
Mountain, Mount Shuksan, and the type area, Chilliwack Valley, British 
Columbia?
II. LITHOLOGIC UNITS AND PETROGRAPHY
The bedrock units within the Park Butte-Loomis Mountain area as deter­
mined by this study are the Chilliwack Group (includina the Loomis Mountain 
dacite center), Cultus Formation, Elbow Lake unit, Nooksack Group, Yellow 
Aster Comolex. Vedder Complex, ultrarnafic bodies (including the Twin Sisters 
and Goat Mountain dunite bodies), and Tertiary? intrusions. All units^ ex­
cepting the Tertiary? intrusions^occur as tectonic fragments (fault bounded 
blocks) which are juxtaposed along anastomosing horizontal to low angle, 
west dipping faults. Each of the units will be examined in the following 
pages. Mt. Baker volcanic flows crop out in the northern portion of the 
study area. More detailed work on some of the flows was done by McKeever (1977).
A, Chilliwack Group
The Chilliwack Grouo in the study area is best termed a broken formation.
Hsu (1974) defines a broken formation as a body of disrupted strata, simi- 
liar to a melange except lacking exotic blocks. By comparing lithologies 
and stratigraphy within the individual coherent blocks, a general strati­
graphy for the area can be established, as presented in Figure 5. The stra-
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siltstone
Figure 5 General stratigraphy
of the Chilliwack Group and sandstone / *» '
Cultus Formation in the Park
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tiqraphy presented here is of reconnaisance nature and believed to be the 
starting point for more detailed v/ork, suggestions for which are found at 
the end of this thesis. The largest coherent blocks of Chilliwack Croup 
in the map area crop out on and near Dock Butte, Washington Monument, Scott 
Ridge, and Loomis Mountain. The stratigraphic nomenclature used here will 
follow Monger (1966) where applicable. The portions of the Chilliwack 
Group which occur in the study area consist predominately of the lower 
clastic sequence, Red Mountain limestone, with minor amounts of tho upper 
clastic sequence rocks. A possible nart of the Permian volcanic sequence, 
which I informally term the Loomis Mountain dacite center, is also found 
in the study are<i. With'.n the study area, the lower clastic seouence is 
divisible into a lower unit (A) and upper unit (B). This division is based 
upon a distinctive pumiceous pyroclastic flow which serves as a stratigra­
phic marker bed. The Chilliwack Broun vvill be described by litholooies, 'de­
ferring to locations (Plate‘s 1 a*^d ?1 and the aeneral stratigraphy (Figure 6).
1. Clastic Rocks
The bulk of the rocks in the Chilliwack Group of the study area are 
volcanidastic. Siltstone predominates with graywacke, sandstone, and 
conglomerate following in descending order of abundance. The volcani- 
clastic siltstone of the lower clastic sequence (A) is oenerally dark 
brown to black in color and m.oderately to well induarated. Blocky weather­
ing is typical, although some fissile varieties v/ere observed. Reddinc 
ranges in thickness from .5 to 6 cm.. Graded bedding is observable with­
in the siltstone as an increase of argillaceous material toward the ton 
of the bed. At one outcron (sample locality 91-A33), horizontal worm 
burrows are common. At sample locality *^1-431, ball and pillow structures'
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are observable. Clasts are predominately subangular quartz and feldspar.
In the lower clastic sequence (B), best exposed in the Dock Butte 
tectonic block (see Plate I), the siltstone is light to dark brown in 
color, well bedded, with blocky weathering. Bedding is generally 1 to 4 
cm. thick. The siltstone in this part of the sequence niay contain up to
90 per cent pumice (Figure 6) representing airfall deposits and reworking 
of the pumiceous pyroclastic flow. Calcareous siltstone is also pre­
sent in this part of the sequence. It is generally a lighter gray and 
occurs near the limestone lenses.
Volcaniclastic graywacke, sandstone, and conglomerate are found 
throughout the Chilliwack Group, although they predominate in the upper
clastic sequence. Where individual layers of coarse volcaniclastic rocks 
* * *
Figure 6 Siltstone, possibly an air fall deposit , from the lower clastic 
sequence (B) of Dock Butte containing a high percentage of 
pumice clasts. (91-39)
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are small enough to be observed within individual outcrops, they are 
lens shaped. Individual layers range from 1 cm. to greater than 15 m.. 
Bedding, sometimes graded, is readily observable in the thinner beds. 
Rarely is bedding observable in the thicker, structureless lenses, except 
for occasional internal layers of finer material. The coarse volcani- 
clastic rocks are generally gray to gray-green, depending upon the amount 
of basaltic volcanic lithic grains. Basaltic lithic grains tend to be 
metamorphosed, with varying amounts of chlorite and pumpellyite, which 
impart a green color to the rock. Sorting is highly variable. Fine 
to coarse grained sandstone is generally moderately to well sorted. It 
contains mainly volcanic lithics and plagioclase, with minor amounts of 
quartz and sedimentary lithics. Pebbly sandstone and conglomerate are 
normally poorly sorted. Clasts are subrounded to rounded pebbles and 
boulders in a matrix of fine to medium subangular sand. The pebbles 
and boulders are of volcanic rocks with occasional limestone and silt- 
stone, whereas the matrix is volcanic and sedimentary lithics plus 
quartz and plagioclase. Within the sandstone and graywacke, the domi­
nant clasts are basalt, basaltic andesite, and dacite identical to vol­
canic flows and tuffs with which they are interbedded. Plagioclase 
occurs as angular to subrounded grains, some of which are partially 
resorbed euhedra or euhedra with bubble-wall texture. Quartz grains 
are angular to subrounded and also show evidence of magmatic resorption. 
Detrital biotite is observable in at least four samples (91-167, 181,
239, and 268). Siltstone and limestone clasts are found in several 
samples. The coarse volcaniclastic rocks of the Chilliwack Group are 
nearly identical throughout the sequence. The lower clastic sequence
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(B) coarse volcaniclastic rocks contain occasional pumiceous pyroclastic
detritus, while rocks of the lower clastic sequence (A) do not.
Point count data were collected for sandstone of the lower clastic 
sequence for use in determining tectonic provenance and correlation 
between units. The data, found in Appendix 4, were generated by Sue 
Kinder-Cruver for this thesis and are presented as ternary plots 
(Figures 5a, b, and c). These plots suggest a magmatic arc provenance 
for the sediment. The lack of breakdown of the volcanic lithics into 
their constituent grains hints toward a nearby source area, which is 
born out by the occurence of interbedded flows and tuffs which are 
lithologically identical to the clasts in the sandstones.
2. Organic Sedimentary Rocks
Organic sedimentary rocks of the Chilliwack Group in the Park Butte-
Loomis Mountain area identified by this author are predominately lime­
stone, with one small lens of coal. Limestone occurs interbedded 
throughout the lower clastic sequence although predominately in subunit 
(B). The largest limestone lenses are of the Pennsylvanian Red Mountain 
limestone which crops out at Washington Monument and structurally be­
low the Yellow Aster Complex near Park Butte and South Fork Divide 
(see Plate I).
The limestone within the lower clastic sequence (B) crops out on 
the gentle slopes north of Dock Butte, the cliffs above Blue Lake, and 
the upper reaches of Nettle Creek, The limestone is interbedded with 
basaltic andesite and siltstone. Lenses vary in size from 1 to 2 cm. 
thick up to 20 m. thick. The larger lenses are typically light gray, 
argillaceous, and have a crystalline texture. The smaller lenses are
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Figure 7 Ternary plots of point count data from sandstones of the Chilli­wack Group, Elbow Lake unit, and Chuckanut-Huntington Formations. 
Provenance boundaries from Dickinson and Suczek (1979).
. rPark Butte-Loomis Mountain 
^ Larea, Kinder-Cruver, analyst 
_ rSauk Mountain area, Kinder- 
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Figure 7c Qp-Lv-Ls plot.
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similiar, but more argillaceous. Randomly oriented stylelites are common 
in the larger lenses. No fossils were found, banner noted that one of the 
larger pods near Dock Butte contained a "lens of well-bedded limestone con­
taining numerous fragments of large crinoid stems similiar to those 
characteristic of the Chilliwack Lower Pennsylvanian sequences in western 
Washington" (Danner, 1966, p.263).
The Red Mountain limestone at Washington Monument includes the large 
lens below the summit and several lenses which crop out on the NW-SE trend­
ing ridge, along which Washington Monument is located. The limestone is 
underlain conformably by siltstone and graywacke of the lower clastic se- 
guence (B) and overlain disconformably by coarse clastic rocks of the up­
per clastic sequence. The limestone is similiar to the limestone at Dock 
Butte in its gray, sugary crystalline texture, and araillaceous nature. 
Fossils observed consist of large, 2 to 4 cm., crinoid colurnnals. The 
larger Washington Monument limestone was first studied by Smith (1^61) 
who presented a detailed stratigraphic section. Based upon fossil and 
stratigraphic evidence. Smith (1961) concluded that this 100 m. thick 
limestone outcrop is correlative with the Lower Pennsylvanian Red Mountain 
1imestone.
The limestones structurally below the Yellow Aster Complex at Park 
Butte consist of several lenses that are interbedded with siltsone, 
graywacke. and conglomerate. The limestone is very similiar to the 
Washington Monument deposits. It is light gray in color and sugary 
textured with numerous randomly oriented stylolites. Individual lenses 
vary in size up to 60 m. thick. The largest lenses are exposed along 
the east-west trending ridge off of South Fork Divide. At one of these
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outcrops (91-549) there are several 4 to 50 cm. beds of larqe (1 to 3 cm.) 
crinoid columnals which weather with positive relief (Figure 8). These 
fossils are characteristic of the Lower Pennsylvanian Red Mountain lime­
stone in northwestern Washington (Danner, 1957),
Several other limestones are interbedded with siltstone, dacite 
flows and tuffs in the Loomis Mountain dacite center. They range from 
1 to 30 m. in thickness and have the typical gray color and crystalline 
texture. Numerous angular volcanic clasts and feldspar and quartz 
crystal fragments are incorporated into the limestone (Figure 9). The 
volcanic clasts are mostly dacite, identical to the dacite flows and 
tuffs with which the limestone is interbedded. At one location (91-537) 
volcanic clasts comprise up to 50 percent of the limestone. No fossils 
were found in these limestones.
One coal lens (91-169) was observed with conglomerate in the lower 
clastic sequence (B). The lens is 1 to 2 cm. thick and 2 to 3 m. long, 
and contains numerous pyrite cubes up to 2 mm. in diameter. Smith (1961) 
reported minor amounts of black banded radiolarian chert below the 
large Pennsylvanian limestone at Washington Monument, but this was not 
observed by the author.
3. Volcanic Rocks
Several types of Chilliwack Group volcanic rocks from pyroclastic 
deposits to flows are present in the study area. Three main types of 
pyroclastic deposits are recognized; water-laid ash falls, pumiceous 
pyroclastic deposits, and dacitic vitric and crystal tuffs of the Loomis 
Mountain dacite center. The water-laid ash falls and pumiceous pyro­
clastic deposits occur within the lower clastic sequence. Several
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Figure 8 Red Mountain limestone near South Fork Divide with numerous 
layers composed of crinoid colomnals (dark gray). The flat 
surfaces are southwest dipping foliation planes, (sample 
locality 91-549)
* * *
Figure 9 Clasts of yellowish dacite porphyry incorporated into lime­




layers of light gray, poorly indurated vitric and crystal tuff are 
interbedded with siTtstone of the lower clastic sequence (A) at sample 
localities 91-386 and 234 (Figure 10). The vitric tuffs tend to be 
thinner, 1 to 10 mm., while the crystal tuffs generally range from .5 
to 10 cm. in thickness. Some lenses of crystal tuffs are up to .5 m. 
thick and 1 m. long. These lenses may be channel fill deposits. Petro-
graphically the tuffs consist of glass shard ghosts, plagioclase, minor 
* * *
Figure 10 Interbedded vitric and crystal tuff (light colored) in a
siltstone and fine-grained sandstone sequence of the lower 
clastic sequence (A), (sample locality 92-234)
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quartz, and bentonite. Geochemical and X-ray analysis of bentonite 
from tuffs at Loomis Creek (sample locality 91-234) reveal it to be 
a mixed-layer smectite of Na-rich Wyomingite composition, indicative of 
water-laid ash falls. Pertinent geochemical data. X-ray patterns, and 
a generalized stratigraphic column for the Loomis Creek tuffs may be 
found in Appendix 3.
The light to dark green pyroclastic flow, used as a stratigraphic 
marker within the lower clastic sequence, is best exposed near Blue 
Lake and in the quarry along Forest Service Road 3770, which leads to 
Blue Lake. The pyroclastic flow is characterized by a high percentage 
of pumice clasts(Figure 11) and minor basaltic andesite clasts. It is
Figure 11 Photomicrograph of a pumiceous pyroclastic flow. Vesicles 
are filled with chlorite, pumpellyite, and calcite. A 
broken angular plagioclase lath is in the lower right corner, 
(sample locality 91-31)
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typically reworked, and pieces of pumice may be found in the sediments 
up-section to the top of Dock Butte.
The classification of volcanic rocks from the study area is based 
upon geochemical analysis and petrographic comparison of approximately 
100 thin sections. Chilliwack volcanic rocks of the study area are 
divisible into four general categories: Basalt, basaltic andesite, 
andesite, and dacite. A wide variety of textures and compositions is 
displayed within each category. Not all rocks grouped within each 
category can be identified to be time equivalent flov/s or even from the 
same volcanic source. Igneous rocks are represented by flows, volcanic 
breccias, tuffs (some showing evidence of reworking), and their intru­
sive equivalents.
Several basalts and gabbros crop out in the study area, but their 
exact stratigraphic position is uncertain. Some are intrusive into 
the Loomis Mountain dacite center, and these will be discussed with 
the dacites. Fresh basalt varies from light to dark green and weathers 
brownish green to maroon. Outcrops typically are strongly fractured 
with oxidation products concentrated along fractures. Aphanitic and 
porphyritic (5 to 10 % phenocrysts) textures are common; amygdules 
are also common.
Primary textures show some degree of pseudomorphic recrystal­
lization, but are still discernable in most samples. Observable 
primary textures are porphyritic, microporphyritic, glomeroporphritic, 
subophitic, felty, and minor flow banding of the groundmass feldspar 
laths. The primary igneous mineralogy consists of plagioclase and 
augite. Plagioclase occurs as subhedral groundmass laths (.2 to 1 mm.) 
and euhedral to subhedral phenocrysts ( 1 to 2 mm.). Phenocrysts show
31
the greatest amount of metamorphic alteration and commonly have par­
tially reacted to albite + epidote + pumpellyite + carbonate. Subophitic 
augite, the most common ferromagnesium mineral, is partially altered 
to chlorite ^ pumpellyite. Accessory primary ilmenite is partially 
altered to sphere ^ hematite. The groundmass has been recrystallized to 
a fine grained mixture of chlorite, albite, pumpellyite, epidote, sphere, 
and hematite.
The gabbros range from fine to medium grained equigranular to seriate 
in texture. Primary igneous minerologies preserved are plagioclase, 
augite, and accessory ilmenite. Subhedral plagioclase is partially 
reacted to albite + eoidote + carbonate. Subophitic augite is partially 
altered to chlorite.
Basaltic andesites are distinctive, and all occurences are perhaps 
mutually related. They have a dominant oorphyritic (30 to 60T. ohenocrysts) 
texture, although non-porphyritic varieties are present. The rock has a 
green color on fresh surface and weathers to a tan or brownish green. The 
most characteristic feature for field recognition is the presence of green 
euhedral plagioclase phenocrysts (.5 to 4 mm.). The phenocrysts are com­
monly zoned, the interior being a darker green. The basaltic andesite 
is interbedded with limestone of the lower clastic sequence (R) above Blue 
Lake. Similiar sequences are found in Nettle Creek on the south ridge 
of Loomis Mountain and on the northwest side of Bob Knob (see Plate 1).
The preserved igneous phases are plagioclase, augite, and accessory 
ilmenite (Figure 12). Euhedral plagioclase phenocrysts and subhedral 
groundmass laths are partially reacted to albite + epidote + carbonate, 
so that in microscopic view they are gray and dusty in plain light,
Figure 12 Basaltic andesite porphyry of the lower clastic sequence (B).
Euhedral plagioclase is zoned and partially rected to albite 
and fine granular epidote. Subhedral augite is also present, 
(sample 91-254)
* * *
Twinning and zonation are observable in the feldspars. Augite has an 
average coe,pos1t1on of (Na Mg 355, T1 333, Fe 3,3, A! 533)
Si’i g27 073 ^6 determined by microprobe analysis (microprobe
data, E.H. Brown analyst, for pyroxenes may be found in Appendix 6).
The augite is typically subhedral and partially altered to chlorite. 
Ilmenite is partially reacted to sphene + hematite. The qroundmass is 
composed of a mixture of fine grained chlorite, pumpellyite, albite, 
quartz, epidote, and hematite.
Andesite is found in minor amounts in the study area. The best
exposed andesite is along the Scott Paper Company logging road and 
cliffs on Scott Ridge in the southeast corner of the field area (see 
Plate I). It is a 10 m. thick flow with minor brecciation, interbed-
ded with siltstone and fine grained voicaniclastic sandstone of the 
lower clastic sequence (A). Its color is green where fresh and a 
darker brownish green on weathered surfaces. The andesite displays 
microporphyritic texture with felty to minor flow alignment of subhe- 
dral groundmass plagioclase. Relict igneous mineralogy is plagioclase, 
augite, quartz, and accessory ilmenite. Metamorphic recrystallization 
has caused partial alteration of subophitic augite to chlorite (Figure 
13). Plagioclase is partially reacted to albite + epidote ^ carbonate.- 
The recrystallized groundmass consists of chlorite, quartz, albite, 
epidote, opaque, and/or hematite.
Dacites have the greatest areal extent of all the volcanic rocks 
of the Chilliwack Group in the study area. They consist of flows, tuffs 
(primary and reworked), and intrusive equivalents which are interbed-
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Figure 13 Andesite with subophitic augite of the lower clastic se­
quence (A), (sample 91-428)
Figure 14 Dacite flow of the Loomis Mountain dacite center overlying 
calcareous sediments of the Cultus Formation, (sample 
locality 91-115)
* ★ ★
ded with siltstone, volcaniclastic sandstone, and limestone. They 
comprise the Permian?-Triassic Loomis Mountain dacite center. The 
exact age of this group of rocks is in question. A flow in the upper 
portion of the center overlies calcareous sediments and has a bre- 
ciated base of dacite, limestone, and siltstone clasts (Figure 14). 
Fossils from the limestone clasts (discussed with the Cultus Formation) 
yield a Triassic age, which makes the upper portion of the dacite 
center Triassic. Other known rocks in the North Cascades of Triassic 
age are in the Cultus Formation, which consists of rhythmically bedded 
siltstone and sandstone which unconformably overlie the Permian vol­
canic sequence in the Chilliwack Valley, British Columbia (Monger, 
1966). The Loomis Mountain dacite center is not unconformably overlain
by Triassic sediments, but interfingers with them in the upper sections. 
The dacite center therefore represents either a volcanic sequence with­
in the Cultus Formation which has previously not been recognized; or 
it represents a part of the Permian volcanic sequence of the Chilli­
wack Group which persisted into the Triassic, with no partial erosion.
Primary igneous features observable in the field consist of columnar 
jointing (Figure 15), platy flow structure, and cross-cutting dikes.
The aphanitic dacites have a wide range of fresh colors from white, 
light blue, to light green and weather to a light brownish green or 
blue. In the field, the tuffs are difficult to distinguish from the 
flows. With the microscope, the differentiation is easier , but not 
always definite. Flows are determined to be those rocks with primary 
igneous mineral groundmass, usually consisting of felty fine grained
Figure 15 Dacite flow with columnar jointing of the Loomis .Mountain 
dacite center, (sample locality 91-95)
36
Figure 16 Typical felty texture of dacite flows with subhedral plagio- 
clase and anhedral quartz, (sample locality 91-62)
★ ★ ★
(.2 to 1 mm.) subhedral feldspar and anhedral quartz (Figure 16). The 
tuff normally has a fine grained recrystallized groundmass of quartz, 
albite, chlorite, and/or pumpellyite. Crystal fragments of embayed and 
broken quartz and feldspar and/or granophyric intrusive rocks account 
for 5 to 40 % of the rock (Figure 17). Some tuffs have crystal frag­
ments which are rounded and appear to have been reworked either by 
sedimentary processes or during vent transport.
Intrusive equivalents of the dacite flows and tuffs are present 
as dikes and larger intrusives of indeterminant nature. The fine to 
medium grained phaneritic dikes typically have granophyric intergrowths 
of quartz and feldspar (Figure 18). The feldspar was determined to be 
An 12 (oligoclase) by the Michel-Levy statistical method (Heinrich, 
1965, p.360-361). Subhedral plagioclase from .5 to 3 mm. accounts for
Figure 17 Dacite crystal tuff with recrystallized groundmass of quartz, 
albite, and chlorite and crystal fragments of albite, quartz, 
and granophyric intrusives. (sample 91-48)
* * *
Figure 18 Granophyric texture, characteristic of feeder dikes for the 
dacite tuffs and flows, (sample 91-78)
60 % of the rock. The plagioclase is partially recrystallized to pum- 
pellyite and a gray alteration product. Quartz (.5 to ? mm.) occurs 
interstitially and as granophyric intergrowths. The larger intrusive 
bodies have identical minerology, but lack the granophyric intergrowths. 
No primary mafic minerals are observed, although interstitial chlorite 
is undoubtedly recrystallized mafic minerals. In general, the dacite 
shows much less metamorphic alteration than do the more mafic volcanic 
rocks because the former contain lesser amounts of readily altered an- 
orthite and mafic minerals.
Within the Loomis Mountain dacite center are numerous andesitic to 
basaltic (gabbroic) intrusions, best exposed along the Loomis Creek log­
ging road (3725A). These exposed intrusions lie within the Bell Pass 
fault zone where it cross-cuts the dacite center (see Structure Section), 
so many of the intrusives now have fault contacts. To comolicate iden­
tification, the area alono the northeastern ridge of Loomis Mountain 
has also undergone varying amounts of hydrothermal alteration. Many 
of the intrusives now have pyroxene and hornblende which have partially 
reacted to actinolite, making them difficult to distinguish from rocks 
of the Yellow Aster Complex (which are also present in this fault zone). 
Most intrusives shovv evidence of far less alteration and have textures 
and primary itiinerologies identical to the more altered samples. The 
dacite tuffs, flows, and intrusive rocks nearby also have evidence 
of this hydrothermal activity, such as actinolite, biotite, and up 
to 5 T pyrite. The overlyino Triassic Cultus Formation sedimentary 
rocks also show local evidence of hydrothermal activity, such as 
silicification, which has altered these normally brown sedimentary
Figure 19 Localized hydrothermal alteration (light gray, silicification) 
of Triassic Cultus Formation on the northern side of Loomis 
Mountain, (sample locality 91-546)
* * *
rocks to a light gray (Figure 19).
4. Geochemistry of the Chilliwack Group Volcanic Rocks
Major element chemical analysis v/as performed upon selected Chilli­
wack Group rocks (including the Loomis Mtn, dacite center) for four reasons:
1) to add to the geochemical base for the N. Cascade foothill pre-Tertiary
igneous rocks, 2) to aid in classification of lithologies, 3) as a tool for
correlation of Chilliwack Group volcanic rocks from the present study area
with those from the Chilliwack Valley and Sauk Mountain, and 4) to aid
in the discrimination of tectonic environments of eruption and/or intru­
sion. Interpretation of the major element composition of metamorphosed
igneous rocks must be approached with the realization of limitations due
to mobilization of elements during metamorphism. To minimize this prob-
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lem, samples v.'ere screened on the basis of freshness in thin section as 
well as in hand sample. Care was taken during sample preparation that 
all weathered material and viens were removed from the samples. Samples 
were crushed in the W.W.U. shatter box until the powder passed a 100 
mesh nylon screen. The powder was then homogenized, and a representa­
tive sample was heated to dryness at 105*^C to remove absorbed water.
Major element analyses were done at W.W.U. by atomic absorption spec­
trophotometry using conventional fusion and dilution procedures with 
international and W.W.U. rock standards for calibration. Results of the 
analyses may be found in Appendix 3.
Sixteen samples of the Chilliwack Group volcanic rocks ranging from 
rhyolite to basalt were analyzed. All are flows or intrusive equivalents 
of the flows except for sample 91-293 which is a dacite crystal tuff. 
Marker variation diagrams are used as a means to distinguish element 
mobility caused by low grade (prehnite-pumpellyite) metamorohism of the 
Chilliwack Group. For a suite of related rocks, a general covariant trend 
should be observable between an individual oxide and the silica con­
tent. Mobility is suggested if a considerable scatter of points is 
observed. General linear trends are observable for MgO, Ti02, MnO,
FeO*., and Al^O^ (Figures 20 a-e, respectively) and suggest that these 
oxides were relatively stable during metamorphism. CaO displays a 
general trend, but more scatter is observable than for the previously 
mentioned oxides (Figure 20f). Na^O and K^O (Figures 20g and h, re­
spectively) show considerable scatter of data points, and therefore 
interpretations of plots using alkalis is subject to question.
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Figure 20 Marker variation diagrams for the Chilliwack Group volcanic 
rocks.
Chilliwack Group volcanic rocks from
• the Park Butte-Loomis Mountain area
Chilliwack Group volcanic rocks from
A the Chilliwack Valley, R.C. (Monqer,
personal communication, 1981)
_ Chilliwack Group volcanic rocks from
• Sauk Mountain, Wa. (Christenson, 1981)
Figure 20a MgO vs SiO^ ' Figure 20b Ti02 vs SiO
Figure 20c MpO vs SiO^ FeO* vs SiO.,^ +2
FeO* = total Fe as Fe
Figure 20d
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Figure 20e A1203 vs Si02 Figure 20f CaO vs Si02
Figure 20g Na20 vs Si02 Figure 20h K2O vs Si02
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Major element chemical composition data from the Sauk Mountain area
(Christenson, 1981) and the Chilliwack Valley, British Columbia (Monger, 
personal communication, 1981); have been added to the Marker variation 
diagrams and other pertinent chemical diagrams. Eleven samples (72-19,
36, 82, 92A, 97B, 127, 129, 130, 172, 190B, and 210A) were chosen from th^ 
Sauk Mountain data on the basis of petrographic freshnesss. Eleven of the 
twelve samples from the Chilliwack Valley were used. Sample M-4A was omit­
ted due to its extremely low major element totals.
An examination of the Marker variation diagrams reveals a possible 
bimodal distribution with a gap between approximately 60 to 70 % Si02 in 
the Park Butte-Loomis Mountain and Chilliwack Valley samples. The bimodal 
distribution for the Park Butte-Loomis Mountain area samples is viewed 
cautiously due to the disrupted nature of the sequence and the time gap 
between most of the Chilliwack Group mafic volcanic rocks (Mississippian 
and Pennsylvanian) and the dacites of the Loomis Mountain dacite center 
(Triassic and possibly Permian). Samples from the Chilliwack Valley are all 
from the Permian volcanic sequence and may actually represent a bimodal dis­
tribution. The majority of the Sauk Mountain samples are in the more mafic 
end, although some encompass the 60 to 70 % SiO^ gap and extend into the
silica rich end. It is assumed here that the Chilliwack Group as a whole 
reflects a normal distribution of samples with respect to Si02 content.
Several methods of chemical classification are used in this study.
The Irvine and Baraqar (1971) scheme is based upon: 1) natural divi­
sions of lithologies displayed on chemical variation diagrams and 2) 
normative mineralogy (normative mineralogies for the Park Butte-Loomis 
Mountain area Chilliwack Group volcanic rocks are found in Appendix 2).
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Irvine and Baragar (1971) make the following suggestions when dealing 
with altered volcanic rocks: 1) weight percent oxides should be recal­
culated to a dry basis to account for the addition of volatiles (CO2
+1 +2and H^O) during metamorphism and 2) the Fe /Fe ratio should be re­
calculated to the pre-metamorphic oxidation state by the formula 
% Fe202 = % Ti02 + 1.5 . These two adjustments have been made for the 
rocks analyzed here. These adjustments do not, however, take into 
account alkali mobility; and therefore this classification scheme may 
be subject to error for the Chilliwack Group volcanic rocks. Table 1 
is the classification of the Chilliwack Group volcanic rocks from the 
Park Butte-Loomis Mountain area according to the Irvine and Baragar 
(1971) chemical classification scheme. Figure 21 (Na20 + K2O vs Si02) 
reveals that the vast majority of the Chilliwack Group volcanic rocks 
are subalkaline in composition. This characteristic is probably re­
presentative of the suite of rocks since the relict mineralogy (lack 
of feldspathoids, etc.) suggest a subalkaline suite of rocks. A plot 
of the chemical data on a AFM diagram (Figure 22) suggests that the 
Chilliwack Group rocks are a calc-alkalic suite of rocks.
Another classification scheme which uses the solidification index 
developed by Hutchinson (1974) is presented as a histogram in Figure 
23. The soldification index (SI) is:
lOOMgO
SI r:-------------------------------------------------------------------------------------------------------
MgO + FeO + Fe202 + NaoO + K2O
This classification also uses alkalies and is therefore of questionable 
reliability. It is useful though in graphically showing the broad 




































































Irvine and Baragar (1971) chemical classification of the Chilli­
wack Group volcanic rocks of the Park Butte-Loomis Mountain area, 

































Classification of the Chilliwack Group volcanic rocks accordino 
to the Jensen cation plot (1976).
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Figure 21 Na^O + M vs SiO, plot for discriminating alkaline vs sub- 
alLline'^rocks o^the Chilliwack Group. Diagram from Irvine 
and Baragar (1971) (symbol key, see Figure 20, p. 41)
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F
Fiaure 22 AFM diagram for distinguishing calc-alkalic vs tholeiitic 
suites of rocks for the Chilliwack Group volcanic rocks. 
Diagram and discrimination lines from Irvine and Baragar 
(1971). A = Na^O + K2O, F = FeO +
(symbol key, see Figure 20, p. 41)











Figure 23 Histogram of the classification of the Chilliwack Group vol­
canic rocks by the solidification index of Hutchinson (1974). 
(see text for equation) 91- = Park Butte-Loomis Mountain area, 
72- = Sauk Mountain area, M- = Chilliwack Valley, B.C.
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A more reliable classification scheme is that of Jensen (1976). 
This scheme uses the cation percentages of FeO, Fe^O^, Ti02, ^^2*^3’ 
and MgO which are believed to be relatively immobile during metamor­
phism. Table 2 (page 45) is the classification of the Park Butte- 
Loomis Mountain area Chilliwack volcanic rocks according to the Jensen 
cation plot (Figure 24). From Figure 24 it is observable that the 
Chilliwack Group as a whole reflect a ealc-alkalic trend although 
more rocks plot in the tholeiitic field on this diagram than do on the 
Irvine and Baragar AFM plot (Figure 22). The discrepancy may be ex­
plained by an enrichment of Na20 and K2O during metamorphism:, which 
would produce a shift in points toward the alkali apex on the AFM plot, 
thus decreasing the number of tholeiitic samples displayed. The Jensen 
cation plot suggests a possible trend from more tholeiitic rocks in 
the Sauk Mountain area to more calc-alkalic rocks in the Chilliwack 
Valley.
In attempting to discern tectonic environments using major ele­
ment chemical compositions, several discrimination diagrams are used 
from the geologic literature. Figure 25, an Al202/Ti02 vs SiO^ plot, 
is used by Sun and Nesbitt (1973) to distinguish between island arc 
basalt and mid-oceanic ridge basalt (MORB). Data for the Chilliwack 
Group as a whole suggest an island arc trend. Pearce and others (1977) 
used a ternary plot of the relatively stable oxides, MgO, FeO*, and 
AI2O2, to distinguish tectonic environments. Only anhydrous (recal­
culated) subalkaline basaltic andesites (51 - 56 % Si02) may be used 
for this discrimination plot. The majority of the Chilliwack Group 
samples plot in the erogenic field with exception of three which plot
50
feO ♦ f«jO] « TiOj
Figure 24 Jensen cation plot of the Chilliwack Group volcanic rocks.Trend and boundary lines from Jensen (1976), (symbol key, 
see Figure 20, p.41).
51
Figure 25 vs TiO^ plot of the Chilliwack volcanic rocks.
Discrimination lines and plot from Sun and Nesbitt (1978). 
(symbol key, see Figure 20, p. 41)
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nearby and two which plot on the discrimination lines (Figure 26).
These data are consistent with an orogenic environment in spite of 
their slight scatter, since Pearce and others' (1977) discriminant lines 
encompass only 55 % of their data points for orogenic basaltic andesites, 
with the rest of their points falling just outside their orogenic field. 
The orogenic environment, as defined by Pearce and others (1977, p. 125), 
consists of island arc and subduction-related volcanism from active 
continental margins.
The final discrimination plots for the Chilliwack Group are eigen­
vector plots from Pearce (1976), Figures 27a and b. Use of these dia­
grams is restricted to basalt analyses where CaO + MgO is between 12 
to 20 %. Eigenvector discriminating weighting values are:
Fj = +.0088Si02 -.0774Ti02 +.OIO2AI2O3 +.0066Fe0* -.0017Mg0 -.0143Ca0 
-.0155Na20 -.OOO7K2O
F2 = -.0130Si02 -.0185Ti02 -.OI29AI2O3 -.0134Fe0* ~.0300Mg0 -.0204Ca0 
-.0481Na20 +.O75IK2O
F3 = -.02215102 -.0532T102 -.O36IAI2O3 -.0016Fe0* -.0310Mg0 -.0237Ca0 
-.0614Na20 -.O289K2O
Pearce (1976) suggests that weathering and metamorphism greatly re­
duces the sucess of this classification. The reason for this is that 
Na20 and K2O are heavily weighted in relation to the other oxides in 
the F2 and F3 calculations. Therefore, results of these plots for 
the Chilliwack Group must be viewed cautiously, especially the F2 vs 
F3 plot. Thirteen Chilliwack Group samples meet the criteria for this 
plot and are found on Figures 27a and b. An F^ vs F2 plot (Figure 27a) 




Figure 26 FeO*- Mg0-Al202 ternary discrimination diagram for the Chill
wack Group volcanic rocks. Discrimination lines and diagram 
from Pearce and others (1977). (symbol key, see Figure 20, 
p. 41)
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Figure 27 Eigenvector discrimination diagrams for the Chilliwack Group 
volcanic rocks. Discrimination lines and diagrams from Pearce 
(1976). (symbol key, see Figure 20, p. 41)
Figure 27a F^ vs F^
« AI &3L t.t e.H t.s
WPB = within plate basalt 
OFB = ocean floor basalt 
SHO = shoshonitic basalt 
CAB = calc-alkalic basalt 
LKT * low-potassium basalt
- 1.7
Figure 27b F2 vs F^
l.t t.f -I.H -I.*




basalt (CAB + LKT), within plate basalt (WPB), and shoshonites (SHO),
It does not discriminate between the different types of volcanic arc 
basalts, i.e. calc-alkalic basalts (CAB) or island arc tholeiites (LKT). 
Of the thirteen samples, six plot within the CAB + LKT field, four plot 
on its discrimination boundary lines, and the other three plot just 
outside the boundary lines for that field. An vs plot (Figure 
27b) attempts better to separate the volcanic arc basalts. Of the thir­
teen samples, six fall within the LKT field, one in the CAB field, four 
in the OFB field, and the other one plots outside the discrimination 
boundary lines below the OFB field. Pearce (1976) defines the fields 
as: CAB = basalts erupted on continental crust at converging plate mar­
gins and on oceanic crust well behind the deep-ocean trenches; LKT = 
basalts erupted on oceanic crust at converging plate margins, typically 
close to deep-ocean trenches; and OFB = basalts erupted at divergent 
plate margins, either within large oceans (MORB) or within the small 
ocean basins behind island arcs. These two diagrams suggest the Chilli- 
v/ack basalts originated in a volcanic arc environment.
To add to the geochemical characterization of the volcanic rocks 
and to aid in their correlation and interpretation of their tectonic 
environment, microprobe analyses were performed on magmatic clinopyro­
xenes from a number of samples. Pertinent data are in Appendix 6 (E.H. 
Brown, analyst). Figure 28 is an eigenvector discrimination diagram for 
magmatic clinopyroxene compositions from Nisbett and Pearce (1977). This 
diagram provides a means of discriminating tectonic environment based 
on major element compositions of magmatic clinopyroxenes. The weighting 
factors for the eigenvector functions are:
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Figure 28 Clinopyroxene eigen­
vector plot for Chilliwack Group 
volcanic rocks and Elbow Lake- 
Haystack Mountain unit volcanic 
rocks. Discrimination boundaries 
and plot from Nisbett and Pearce 
(1977).
CHILLIWACK GROUP
O Park Butte-Loomis Mountain area (1)
• Sauk Mountain area (2)
ELBOW LAKE-HAYSTACK MOUNTAIN UNIT
o Park Butte-Loomis Mountain area (1)• Groat Mountain area (1)
Western and Southern Twin Sisters area (1)
A Haystack Mountain area (3)
O Mt. Shuksan area (1)






found in this thesis 
found in Christenson 
found in Cruver .'thesis in prooress)
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= -.OlZOSiO^ -.0807Ti02 +.n026Al203 -.nO]2FeO* -.On^bMnO +.0n87Mg0 
-.0128Ca0 -.0419Na^0
F^ = -.04695102 -.08181102 -.O212AI2O3 -.0041Fe0* -.1435MnO -.0029Mg0 
+.0085Ca0 +.0160Na20
FeO* = total Fe as Fe^^
Nisbet and Pearce (1977) calculated success percentages using known 
data for their discrimination diagram and found the following success 
ratios:
OFB = ocean floor basalts, 87.8%
VAB = volcanic arc basalts, 58.9%
WPT = within-plate tholelltes, 42.3%
WPA = within-plate alkallc basalts, 89,0%
Pyroxenes of the Chilliwack Group cluster In the overlao area of the 
VAB and OFB field.
In conclusion, the major element compositional data for the Chilli­
wack Group Indicates a tholelitic to calc-alkallc suite of rocks of 
volcanic arc character. Geochemical lines of evidence for this are 
presented In Figures 24, 25, and 26. Figures 27a and b are not as re­
liable, but also Indicate a volcanic arc source. On the Jensen cation 
olot (Figure 24, page 50) there Is a possible trend from more tholelitic 
rocks in the Sauk Mountain area to more calc-alkallc rocks In the Chil­
liwack Valley. Christenson (1981) suggests that his compositional data 
(major and trace element) represent either the early stage of a volcanic 
arc or the early stages of development of a back-arc basin. Major ele­
ment compositional data from the Park Butte-Loomis Mountain area and 
the Chilliwack Valley show stronger calc-alkallc trends (Figure 24) sug- 
gestlrig a '^ore rnatur^^ volcanic arc. More wnrk needs to be done on the neo-
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chemistry of the Chilliwack Group as a whole.
5, Depositional Environment
Interpretations of the depositional environment of the Chilliwack 
Group is hampered by the broken nature of the rocks, rapid facies changes, 
and a lack of good continuous outcrop within the study area. However, 
some generalities can be made for the environment of the Chilliwack 
Group. The rocks of the lower clastic sequence (A) consist predominately 
of siltstone with minor amounts of volcaniclastic sandstone and conglomer­
ate and volcanic rock. Relict features from this sequence are numerous 
graded beds of siltstone and fine to medium grained sandstone, ball and 
pillow soft sediment deformation structures, and horizontal worm burrows. 
All these features are inconclusive as to the depositional environment. 
Point count data from the sandstones of the lower clastic sequence sug­
gest a magmatic arc provenance (Figures 5a, b, and c, pages 22 - 2^).
The lack of breakdown of the volcanic lithics into their constituent 
grains hints toward a nearby source area. Channels draining topographic 
highs are represented by lenses of coarser clastic rock within the se­
quence. Occasional volcanism from a nearby arc is indicated by crystal 
and vitric tuff and minor andesite flows within the lower clastic se­
quence (A).
The deposition of the pumiceous pyroclastic flow marks a local in­
crease in volcanism at the beginning of the lower clastic sequence (B).
The pyroclastic flow is found in several localities in the field area 
and probably represents a major explosive eruption, Pumiceous detritus 
of air fall deposits and probable reworking of the main pyroclastic flow 
are found up section at least to the top of Dock Butte (within the Dock 
Butte tectonic block). The volcanic center of these eruptions is be-
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lieved to be represented by similiar pumiceous pyroclastic flows and 
volcanic breccias found in the Mt. Shuksan area (to be discussed under 
Correlation of Units). Above the pyroclastic flow is a sequence of inter- 
bedded siltstone, limestone, and basaltic andesite. The limestone lenses 
vary in size and are argillaceous, indicating some clay influx along with 
carbonate deposition. Fossils in the larger lenses consist of large 
crinoid columnals and indicate a relatively shallow water environment.
Liszak (1982) suggests that the "Silver Lake" clastic unit (lower clastic 
unit of Monger, 1966) represents deposits on a subm,arine slope adjacent 
to an island arc. He suggests the "Silver Lake" clastic unit rocks re­
present a progressive shallowing of the depositional environment toward 
the top of the sequence. A similiar environment may be represented by the 
lower clastic sequence in the present study area.
The siltstone and limestone sequence near Washington Monument and 
Park Butte, where limestone thickness reaches up to 100 m,, is the lar­
gest in the area. The large crinoid columnals and thick limestone lenses 
are indicative of the Early Pennsylvanian Red Mountain limestone of 
Danner (1966) (Late Mississippian "Red Mountain" limestone of Liszak, i982). 
Whether these large lenses of limestone represent rock layers higher up 
the stratigraphic column from the smaller lenses of limestone in the lower 
clastic sequence (B), or if they are just a facies change between the two 
units, is not knovjn for certain. What is known is that both limestone se­
quences contain the large crinoid columnals indicative of Early Pennsylvanian 
limestones in northwestern Washington (Danner, 1966), and both represent 
deposition in relatively shallow water. Monger (1966) suggests that the 
time period when large amounts of fairly thick carbonate deposits were
laid down was one of general volcanic quiescence. Liszak (1982) suggests 
that the "Red Mountain" limestone represents shallow water carbonate depo­
sition which is cyclical, and was deposited during a time of tectonic 
stability.
Disconformably overlying the large limestone at Washington Monu­
ment and at places near Park Butte are coarse clastic rocks. At Wash­
ington Monument these rocks are approximately 130 m. thick, and Smith 
(1961), on the basis of stratigraphy, called these rocks the lower con­
glomerate member of the Black Mountain Formation of Danner (1957) (upper 
clastic sequence of Monger, 1966). The classification into the upper 
clastic sequence is accepted by this author and is also applied to the 
coarse clastic rocks which overlie the thick limestones near South Fork 
Divide. These two locations are the only known outcrops of the upper 
clastic sequence in the study area. Liszak (1982) interorets the "Did 
Goat" clastic sequence (upper clastic sequence of Monger, 1966) as resedi­
mented slope, channel, and overbank sediments, deposited adjacent to a 
subaerial island arc.
The Loomis Mountain dacite center is everywhere in the study area in 
fault contact with the rest of the Chilliwack Group. Its age, as pre­
viously mentioned, is Permian?-Triassic, and therefore it is questionably 
part of the Chilliwack Group proper. The dacite center is in part sub­
aqueous and part subaerial. Evidence that the slopes of the dacite center 
were subaqueous is the presence of interbedded siltstone and limestone 
with the dacite tuffs and flows. Ranid change in the deoositional en­
vironment is represented by large influxes of angular clasts of dacite 
into several of these limestones (Figure 9. page 27). The subaerial na-
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ture of part of the dacite center is represented by columnar jointing 
of at least one flow (Figure 15, page 35).
In conclusion, the Chilliwack Croup in the Park Butte-Loomis Moun­
tain area represents rocks deposited in a volcanic arc environment. This 
is suggested by the point count data for sandstones (Fioures 5a, b, and 
c), stratigraphy, whole-rock geochemistry of volcanic rocks (Figures 24,
25, 26, and 27a and b), and compositions of magmatic clinopyroxenes (Fi­
gure 28).
6. Metamorphism
The metamorphism of the Chilliwack Group is of low grade pumpellyite
facies. Metamorphic assemblages present are strongly conrolled by litho­
logic type. Chlorite is the only metamorphic mineral present in all 
lithologies. Igneous rocks have the dominant assemblage of pumpellyite + 
chlorite epidote + hematite. Positive identification of hem.atite was 
done by petrographic analysis of polished sections (91-25'i and 91-350). 
Aragonite was identified petrographically and verified by x-ray diffrac­
tion in a few volcanic rocks. In the sandstones, the metamorphic as­
semblage observed is chlorite + lawsonite + pumpellyite + epidote. Here 
plagioclase grains are partially reacted to fine mats of lawsonite (Figure 
29). These assemblages are plotted on a AL-Ca-Fe^^ diagram (Figure 30); 
results a'^e comparable with published accounts of the Chilliwack Group
metamorphism (Brown and others, 1981).
In New Caledonia, using oxygen isotope data as a calibration tool, 
Diessel and others (1978) were able to relate the vitrinite reflectance 
values of coal to temperature of metamorphism (Figure 31), In the Cen­
tral Alps, Frey and others (1980) related temperature of metamorphism to
Fiqure 29 Sands'one of the lower clastic sequence (A) showing plagio- 
clase partially reacted to brown fibrous mats of lawsonite 
(Iw). (sample 91-239)
Al
Figure 30 Generalized Al-Ca-Fe ' diagram for stable metamornnic mineral 
assemblages in the Chilliwack Croup rocks.
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illite crystallinity and coal rank, using fluid inclusion data for tem­
perature calibration. They concluded that vitrinite with an average 
reflectance of 2.5 to 3.0 had a minimum temperature of 200°C, and that 
a 4.5 to 5.0 value corresponds to a minimum temperature of formation of 
270®C. Both studies came to similiar conclusions regarding correlation 
of temperature with vitrinite reflectance. In order to obtain a temper­
ature of metamiorphism of the Chilliwack Group, vitrinite reflectance 
analysis was performed on a coal lens (91-169) found interhedded with 
conglomerate in the lower clastic sequence (P). Analysis was performed 
by Dr. Marc Bustin of the University of British Columbia. Results of 
the analysis are listed in Appendix 5i the average reflectance value 
was 3.00. Using the graph (Figure 31) established by Diessel and nthers 
(1978), a temperaturp of fnetamorphism of aoproximately is Indi­
cated. This temperature is consistent with the temperature interpreted 
by Brown and others (1981) based upon metamorphic mineral assemblages.
Mptamorohism of the Chilliwack Groun imoarts a foliation (S^) which 
commonly subparallels the bedding (P^) Foliation is variably observable 
in the Chilliwack Group depending uoon lithology and nearness to faults. 
Foliation is best developed in fault zones, whereas bedding with a weaker 
subparallel foliation is observable in siltstones and fine to medium 
grained sandstone and graywacke throuahout the area.
The textural classification of Frasse (1981, modified from Bishop, 
1972) is used to describe the degree of deformation and metamorphic re­
crystallization within meta-siItstones and oraywackes (Table 3). The 
clastic rocks of the Chilliv^;ack Group are dominately zone I and IIA. 
Within fault zones, fine clastic rocks are of zone IIA and approach I IB.
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Figure 31 Calibrated qraoh relatino reflectance value, % R, of coal to
temperature of metamorphism, from Diessel and others (1978, p, 66),
★ ★ *
Zone I No deformation of framework grains
Zone IIA Cataclasis and/or flattening of framework grains; 
foliation present; some original grain boundaries 
indistinct
Zone IIB Cataclasis of framework grains intense; most ori­
ginal grain boundaries indistinct; recrystalliza­
tion and incipient quartz + feldsoar segregation
Zone I IIA Original grains obliterated; quartz + feldspar 
segregated into fine laminations; quartz + feld­
spar grains less than 0.U6 mm. in diameter
Zone IIIB Quartz + feldspar segregation laminations coarser 
grained and in well developed lenses: quartz + 
feldspar grains more than 0.06 mm. in diameter
Table 3 Textural zonations for meta~si1tstone and meta-graywacke in 
the foothills of northwest Washington (from Frasse, 1981, 
modifieu from Bishop, l972).
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Volcanic rocks display psuedomorphic recrystal 1ization and commonly 
lack foliation except along shear planes. Limestones of the Chilliwack 
Group commonly are recrystallized and lack foil a Li on. The one exception 
to this is the limestone exposed along the east-west trending ridge off 
South Fork Divide (sample locality 91-549) (see Plate 1 and 2). This 
outcrop has a well developed foliation which is nearly perpendicular to 
the bedding (see Figure 8, p. 27). This foliation parallels the trace 
of the Bell Pass fault zone and is probably the result of that faulting 
event (see Structure).
7. Correlation and Comparison
Figure 2 (page 3) is a compilation of the stratigraphic terminology
for the Chilliwack Group and how it applies to the stratigraphy in this 
area. The Chilliwack Group in this study area is assigned to (possibly 
correlated with) the lower clastic sequence, Red Mountain limestone, and 
part of the upper clastic sequence (terminology according to Monger, 1966). 
The Permian volcanic sequence of Monger (1965) may be in part represented 
by a Permian?-Triassic extension, the Loomis Mountain dacite center.
A petrographic comparison of volcanic and sedimentary rocks of pre­
viously mapped parts of the Chilliwack Group v/as made between rocks of 
this study area and those of other nearby areas in order to better cor­
relate the units. Comparison was made with rocks of Groat Mountain (Rady,
1980) , the southern and western margin of Twin Sisters Mountain (Frasse,
1981) , Mt. Shuksan (Leiggi, thesis in progress), Sauk Mountain (Christen­
son, 1981), and Black Mountain (Liszak, 1982). Before delving into the 
comparisons and to prevent excessive reader confusion, Table 4 has been 
prepared indicating the various labeling schemes used by the authors as 
individual samples are discussed in the text.
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Table 4 Rock labeling schemes of various authors dealing with the 
Chilliwack Group.
★ * *
In the Groat Mountain area, large outcrops of volcanic rock and 
ribbon chert were mapped as Chilliwack Group (Rady, 1980). A thin sec­
tion examination of the volcanic rocks shows them to be very similiar to 
volcanic rocks in the Elbow Lake unit of this thesis. The Groat Moun­
tain Chilliwack Group volcanic and sedimentary rocks are assigned 
here to the Elbow Lake unit, and therefore further description will be 
postponed to the discussion of that unit. Frasse (1981) mapped Chilli­
wack Group and questionable Chilliwack Group rocks at several localities 
1) east of Goat Mountain, 2) west of Goat Mountain, 3) along the west­
ern border of the Twin Sisters Dunite, and 4) along the Middle Fork 
Nooksack River west of Groat Mountain.(see Frasse, 1981, Plate 1). The 
volcanic rocks west of Goat Mountain and along the Middle Fork Nooksack 
River west of Groat Mountain are believed to be correlative to the Elbow 
Lake unit. Further discussion of these two groups of rocks is found in 
that section. The volcanic and sedimentary rocks east of Goat Mountain 
are lithologically correlated with the Chilliwack Group rocks. The 
majority of these rocks crop out on a north-south trending ridge, here­
after informally known as Grandy Ridge. Along the crest of Grandy Ridge 
are basalts mapped as Yellow Aster Complex rocks (Frasse, 1981). They
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are reinterpreted here as basalt and amygdaloidal basalt of the Chilli­
wack Group on the basis of their petrography. Other volcanic rocks 
on Grandy Ridge include basaltic andesite, a pumiceous pyroclastic flow, 
and dacite. The rocks on Grandy Ridge appear to be a continuation along 
strike of the lower clastic sequence exposed on Scott Ridge in this study 
area. The rocks mapped as Chilliwack Group along the western margin of 
the Twin Sisters Dunite occur as small fault blocks. Based on lithology 
and metamorphic assemblages, part of the volcanic rocks belong to the 
Chilliwack Group and part are correlative to the Elbow Lake unit.
A petrogt^aphic study of 28 volcanic rocks from the Mt. Shuksan 
area (Leiggi, thesis in progress) and 11 samples collected by Christenson 
(1981) from that area, shows similiar lithologies with those in the 
present study area. The Chilliwack volcanic rocks of the Mt. Shuksan 
area are dominated by basalt and basaltic andesite, although andesite 
and dacite are present. One main eruptive phase is very distinctive; it 
is exposed along Highway 542, leading to the Mt. Baker ski resort (sam­
ple localities 72-21 to 30 and 90-204 to 209). It consists of an amyg- 
daloida) porphyritic basalt which is commonly brecciated. Two varieties 
of this eruptive phase exist, and commonly inclusions of each are found 
in the same sample (e.g. 72-30). The first variety is more massive; 
amygdules of chlorite, pumpellyite, and quartz are present, yet sub­
ordinate in the rock (samples 90-206 and 72-21). Phenocrysts of euhe- 
dral plagioclase and euhedral to subhedral augite are common. The 
groundmass is dark, consisting of fine grained subhedral plagioclase, 
chlorite, and opaques. The second variety is a highly scoriaceous, 
fragmented flow breccia (smaples 90-204a and 72-25a). This scoriaceous
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variety is very similiar to and believed to be correlative with the 
pumiceous pyroclastic flow used as a stratigraphic marker in the Park 
Butte-Loomis Mountain area. This large outcrop along Highway 542 may 
be part of the eruptive center from which the pumiceous pyroclastic 
flow was ejected. One andesite and four dacite crystal tuffs were also 
identified from the Mt. Shuksan area.
Thirty-seven thin sections were examined from the Sauk Mountain 
area (Christenson, 1981). As in the Mt. Shuksan area, basalt and 
basaltic andesite are dominant (25 of the 37 samples). Volcanic rocks 
similiar to those of the scoriaceous and massive varieties from along 
the Mt. Baker Highv/ay (Mt. Shuksan area) are found in the Sauk Mountain 
area. Andesite accounts for eight of the samples, of which 72-82 is 
virtually indistinguishable from 91-28 of this thesis. Four samples 
are dacites, of which three are flows and one a crystal tuff.
In the Black Mountain area, Liszak (1982) has measured a section of 
Chilliwack Group from the "Silver Lake" clastic unit (lower clastic se­
quence of Monger, 1966) to the "Maple Falls" volcaniclastic unit (see 
Figure 2, page 3). This section, where good stratigraphic control is 
maintained, is composed almost entirely of clastic and carbonate rocks. 
Minor flows of basalt and basaltic andesite are found only in the "Maple 
Falls" volcaniclastic unit, which Liszak suggests is a facies of Monger's 
(1966) Permian volcanic sequence. A cobble conglomerate from the "Old 
Goat" clastic unit (upper clastic sequence of Monger. 1966) was examined 
by Liszak and found to contain 44?^ volcanic clasts. A petrographic exami­
nation of 14 of those volcanic clasts revealed volcanic rock types iden­
tical to those observed in the Park Butte-Loomis Mountain area and 
Mt. Shuksan area. Dominant clasts are massive and scoriaceous basalt
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and basaltic andesite similiar to those along Highway 542 (Mt. Shuksan 
area). Granophyric silicic rock and dacite flow clasts identical to 
those in this study area are .also present in the conglomerate.
Point count data on sandstones of the lower clastic sequence of 
the Park Butte-Loomis Mountain area were compared to those of the Ter­
tiary Chuckanut Formation? (Frasse, 1981), Sauk Mountain area Chilliwack 
Group (Christenson, 1981), and the Huntington and Chuckanut Formations 
(Johnson, Frizzell, and Suczek presented in Frasse, 1981 and Pongsa- 
pich, 1970) (Figures 5a, b, and c, pages 22 to 24). Some of the point 
counts by Christenson (1981) and Frasse (1981) were redone by Sue Kin- 
der-Cruver for better comparative purposes. Christenson's data com­
pared fairly well to that of Kinder-Cruver, although the amount of 
monocrystalline quartz, plagioclase, and matrix was less in the former, 
and the amount of volcanic lithics increased in the Kinder-Cruver analy­
sis. Frasse's (1981) Tertiary Chuckanut Formation? point count data 
did not compare favorably and were discarded. The reason for the dis­
crepancy was due to the manner in which the samples were counted, a dis­
cussion on the subject is found in Appendix 4. Data generated by the 
same analyst are m.ore reliable for comparative purposes at any rate. 
Comparing the Chilliwack Group of my area to that of Sauk ^lOuntain 
shows good correlation (Figures 5a, b, and c). Frasse’s Tertiary Chuck­
anut Formation? also shows a strong resemblance to the Chilliwack as 
opposed to the Chuckanut and Huntington Form,ations (Figures 5a, b, and 
c). The Tertiary Chuckanut Formation? of Frasse (1981) is therefore 
reinterpreted here to be correlative with the Chilliwack Group in this 
study, it may represent a part of the upper clastic sequence.
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B. Cultus Formation
Rocks of the Cultus Formation are best exposed along the crest and
western ridge of Loomis Mountain. This sequence is several hundred 
meters thick, consisting mainly of siltstone and a rhythmically layered 
sequence of siltstone and fine to medium grained volcaniclastic sand­
stone. The Cultus Formation is interbedded with dacite of the Loomis 
Mountain dacite center. The lower portion of the Cultus Formation con­
sists of interbedded thin limestone, calcareous siltstone, and reworked 
pyroclastic flows. The calcareous siltstone and limestone contain an­
gular to subangular quartz and feldspar grains and minor dacite volcanic 
lithics. Shell fragments, radiolaria,.and crinoid columnals make up the 
biological components. At sample locality 91-115, a dacite flow overlies 
this sequence of thin limestone and calcareous siltstone (Figure 14, page 
34). The base of the flow is marked by a one meter breccia zone of 
dacite, fossiliferous limestone, and siltstone. The limestone is a re­
crystallized biomicrite with bioclasts composing approximately 30 % of 
the mode. Fossils consist of gastropods, crinoid colomnals, colonial 
and rugose corals, and ? foraminifera. Dr. W.R. Danner identified for 
this study the least recrystallized colonial coral as Thamnasterea and 
another psuedo-coelenterate as a possible spongiomorph. The range of 
Thamnasterea is Middle Triassic through Middle Cretaceous (Moore. 1956, 
P.F372 ). It was Dr. Danner's opinion that this fossil assemblage re­
presented a Triassic age (Danner, personal communication, 1982). On the
basis of the age and similiar lithologies, the clastic rocks of Loomis
Mountain are assigned to the Cultus Formation.
Stratigraphically above the dacite flow, along the peaks of Loomis
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Mountain, are several tuffaceous siltstones and reworked pyroclastic flows 
interbedded with the more typical siltstones of the Cultus Formation, The 
tuffaceous siltstone varies from 10 to 40 cm. thick. It weathers a light 
greenish gray, as opposed to the brown of the typical siltstone. The tuf­
faceous siltstone contains a high percentage of broken euhedra of feldspar 
and quartz and some questionable glass shards. The reworked pyroclastic 
flows are generally 10 to 30 cm. thick, Graded bedding is present, with 
a greater percentage of large (up to 2 cm.) angular dacitic volcanic clasts 
near the base of beds. The volcanic clasts consist of dacite and grano- 
phyric intrusives. The granophyric clasts are identical to the feeder 
dikes of the dacite flows and tuffs of the Loomis Mountain dacite center. 
The typical siltstones are well indurated with blocky weathering. Bedding 
(2 to 10 cm.) is discernable from a distance, yet up close becomes diffi­
cult to recognize at times due to weathering, lichen, and only slight hue 
changes between layers. Petrographically, the silt-sized fraction con­
sists of angular to subangular quartz and feldspar. Radiolaria are common 
(Figure 32). Siltstones are of I and IIA textural zones (see Table 3, 
page 64), similiar to those of the Chilliwack Group.
The best rhythmically bedded sequences are exposed in the lower 
reaches of creeks draining the western ridge of Loomis Mountain. Indi­
vidual sandstone layers vary from 1 to 20 cm. thick: most are 1 to 2 cm. 
thick. Graded bedding is common among the rhythmic sandstones. Gray to 
grayish brown is their usual color. Clasts consist of subangular to sub­
rounded quartz, feldspar, volcanic rock, and minor siltstone. Siltstone 
clasts, although minor (5%), appear to be in greater abundance than in 
sandstones of the Chilliwack Group from the study area. Some of the 
plagioclase grains are partially altered to lawsonite as in the Chilli-
Figure 32 Cultus Formation siltstone with characteristic yellowish 
elongate radiolarian ghosts, (samole 91-86)
* * * 
wack Group. Within the rhythmic siItstone-sandstone sequence in Fold Creek 
(see Plate 1), one .5 by 1 m. olistolith of calcareous siltstone was observed.
The Cultus Formation is also exposed in Rhythmi Creek west of the Bell 
Pass fault zone (see Plate 1). It consists of rhythmically bedded silt­
stone and fine to medium grained sandstone identical to the sequence in 
Fold Creek just across the Bell Creek valley. Other exposures of probable 
Cultus Formation crop out on the two knobs west of Loomis flountain across 
the South Fork Nooksack River valley (see Plate 1). Along logging road 
372^, on the southern knob is a sequence of rhythmically bedded siltstone 
and sandstone. Some of the siltstone contain radiolaria which are common 
in the Cultus Formation of this study area, and therefore this sequence is 
assigned to the Cultus Formation. Such an assignment of the rocks along 
logging road 3724 with those on Loomis Mountain is also suggested by Peter 
Misch (personal communication, 1983).
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Field evidence for the depositional environment of the Cultus For­
mation is sketchy. The Cultus Formation consists predominately of silt- 
stone. Rhythmic siltstone-sandstone outcrops are located at the lower 
elevations of the northwestern portion of the tectonic block of Loomis 
Mountain, in Rhythm Creek west of Bell Pass, and along logging road 
3724 (the latter two occurences may be part of the Loomis Mountain tec­
tonic block, see Structure). Near the crest of Loomis Mountain, the 
sedimentary rocks (tuffaceous siltstone, reworked pyroclastic flow, 
calcareous siltstone, and argillaceous limestone) of the Cultus Forma­
tion are interbedded with flows from the Loomis Mountain dacite center. 
This sequence of rocks suggest a shallow water environment near a vol­
canic center (Loomis Mountain dacite center). The sedimentary rocks 
along the crest of the western ridge of Loomis Mountain are predomi­
nately siltstone with only minor sandstone, whereas the sedimentary 
rocks in the lower elevations of this western ridge are of a rhythmic 
sandstone-si 1tstone sequence with graded bedding in most of the sand­
stone layers. The structure between the upper and lower elevations of 
Loomis Mountain is complicated by at least one major recumbent fold 
(see Structure). Therefore relating the stratigraphy between the upper 
and lower exposures on Loomis Mountain is difficult. It is suggested 
here that the rhythmic sequences represent turbidity deposits into a 
local basin from erosion of a volcanic high (Loomis Mountain dacite 
center), whereas the siltstone at the higher elevations may represent 
slope and overbank deposits upon the topographic (volcanic) high. More 
work needs to be done on the Cultus Formation and suggestions for this 
work will be presented at the end of my thesis.
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Within the Chilliwack Valley, British Columbia, the Cultus Formation 
consists of regularly alternating fine sandstone and argillite of Upper 
Triassic to Lower Jurassic age (Monger, 1966). The sandstone there is 
composed of angular volcanic rock fragments, plagioclase, shale, and 
minor limestone fragments, similiar to that in this study area. Monger 
suggests that this sequence was "deposited by turbidity currents, or re­
lated processes, well below wave base" (Monger, 1966, p.lOO) and that the 
sequence accumulated in a trough between volcanic highs (areas of Upper 
Triassic volcanism, i.e. Karmutsen and Nikolai volcanic rocks on Van­
couver Island and the Nicola Group east of the Cascades). Topographic 
highs such as the Loomis Mountain dacite center may also have been a 
source of some of this sediment. It may be that the Loomis Mountain da­
cite center represents one of several Triassic volcanic centers that are 
preserved in the foothills of the North Cascades. Since at least two 
volcanic centers of Jurassic age (Harrison Lake volcanics and Wells 
Creek volcanics) and one of Permian age (Permian volcanic sequence of the 
Chilliwack Group) are known, it does not seem unreasonable that the foot­
hills would also preserve parts of a Triassic center as counterparts to 
the volcaniclastic Cultus Formation.
C. Elbow Lake Unit
This grouping of rocks, informally termed the Elbow Lake unit in the
study area, is located along the eastern margin of the Twin Sisters Dun- 
ite (see Plate 1). It is continuous along the southern and northern 
margins of the Twin Sisters into the field areas of Frasse (1981) and 
Rady (1980), respectively. A smaller tectonic fragment of this unit
crops out in a fault zone near Tuckway Lake in the present study area.
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The Elbow Lake unit consists of interbedded volcaniclastic rock, volcanic 
rock, and ribbon chert. In comparison to other predominately clastic 
units in the area, this unit is the most intensely deformed. Well de­
veloped foliation is observable in many fine grained clastic rocks. Rib­
bon chert and basalt, being more competent, tend to be fractured and 
sheared, and have a weaker foliation. Well preserved primary features 
are still discernable at many outcrops. Within this unit, no discern- 
able stratigraphic section is observable, as tectonism and/or facies 
changes complicate the picture too much.
1. Clastic Rocks
Clastic rocks are by far the dominant lithology within the Elbow
Lake unit, comprising approximately 75% of the total. Siltstone com­
prises 85 to 90% of the clastic rocks, followed by graywacke, sandstone, 
and conglomerate. Within the siltstone, angular to subangular grains 
of quartz and feldspar predominate, although minor amounts of volcanic 
lithic grains occur. Beds generally vary from 1 to 6 cm. in thickness 
with numerous layers of fine to medium grained volcanilithic sandstone. 
Within the sandstone and conglomerate, the type of detrital grains vary 
in proportion, but angular to subangular plagioclase and volcanic lithics 
(andesite and dacite, and rarely possible remnants of titansalite-bear- 
ing basalt) predominate. Point count analyses were performed on two 
sandstones (91-315 and 423) from the Elbow Lake unit (Sue Kinder-Cruver, 
analyst, data found in Appendix 4). Results are plotted on ternary dia­
grams (Figures 7a, b, and c, pages 22-24). Sandstone of this unit dif­
fers from that of the Chilliwack Group in that monocrystalline quartz is 
more abundant, up to 25% of the mode. Plagioclase is in greater abun-
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dance than volcanic lithics in the two counted samples, although sample 
91-138 (not counted) is composed predominately of volcanic lithics. Silt- 
stone clasts are minor, comprising no more than 10% of the mode. Detri- 
tal biotite is observed in minor amounts in samples 91-315 and 423. The 
higher percentage of quartz and plagioclase in the two counted samples 
places them apart from the Chilliwack Group on the Q-F-L and Qm-F-Lt 
diagrams (Figures 7a and b, pages 22 and 23), and they overlap with only 
one Chilliwack Group sample on the Qp-Lv-Ls diagram (Figure 7c, page 24). 
This separation from the Chilliwack Group may in part be due to the small 
data base, and therefore more data is needed here.
The meta-sedimentary rocks of the Elbow Lake unit are dominately 
IIA and IIB textural zones (see Table 3, p. 64). Near the fault contact 
with the Twin Sisters Dunite, textural zone IlIA is approached (samples 
91-304 and 135). This change suggests that shearing may upgrade silt- 
stone to a higher textural zone. Metamorphic assemblages also change 
near the contact with the Twin Sisters Dunite, where chlorite and pum- 
pellyite dominate in the IIA siltstone; white mica (muscovite) is pre­
dominate in the IIB siltstone.
2. Volcanic Rocks
The volcanic rocks in this area consist of titansalite(augite)-
bearing basalt, augite-bearing basalt, and possibly related tuffs and 
pyroclastic flows. Cataclasis and associated alteration hinders iden­
tification of the latter lithologies. The basalt is typically dark 
green or greenish gray and weathers to a reddish green. Aphanitic, 
porphyritic, and amygdaloidal textures are common. Amygdules are com­
monly flattened and stretched. In the Tuckway Lake tectonic fragment.
.J
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W6ll preseTved pillows (Figure 33) and volcanic breccia are observable.
The relict minerology present is plagioclase plus titansalite(augite) 
or augite. Plagioclase represents 30 to 50% of the rock. In porphyritic 
varieties, phenocrysts of plagioclase may consitute up to 30% of the mode. 
Subhedral plagioclase laths are observed altered to albite, epidote, and 
a gray alteration product. Pale pink, pleochroic titaniferous salite 
(augite) rarely exceeds ten percent of the mode (Figure 34). Composi-
Figure 33 Relict pillow lavas of the Elbow Lake unit from the Tuckway 






Figure 33 Titansalite-bearing basalt porphyry of the Elbow Lake unit.
Note the pale pink titansalite (pyx). Plagioclase (pi) has 
been nearly totally altered to albite + epidote, groundmass 
consists of chlorite, epidote, albite, and opaque minerals, 
(sample 91-420)
* * * 
tion of the titansalite was determined by microprobe analysis (E.H. Brown, 
analyst, pertinent data and classification information in Appendix 6). 
Subophitic titaniferous salite occurs as .2 to .6 mm anhedral to subhe- 
dral grains, commonly reacted to brown chlorite. The groundmass consists 
primarily of chlorite, iron-rich pumpellyite, and minor amounts of sphene, 
epidote, and opaque minerals. Aragonite viens are present in some sam­
ples. Most aphanitic varieties are extremely fine grained (less than 
0.3 mm.) and are highly recrystalized. Preserved igneous phases are 
ghosts of plagioclase laths and scattered cores of titansalite. Primary 
textures are poorly preserved, and a metamorphic foliation is present 
in many samples. Patches of preserved texture reveal radiating feld-
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Figure 35 Photomicrograph of radiating plagioclase of aphanitic basalt 
of the Elbow Lake unit. This texture is indicative of quench 
textures, (sample 91-420 )
* ★ -k
spar (Figure 35) and pyroxene indicative of quench textures (Cox and 
others, 1980). The groundmass consists of chlorite, iron-rich pumpel- 
lyite, sphene, epidote, and opaque minerals, and is similiar to the 
coarser varieties.
3. Organic Sedimentary Rocks
Radiolarian ribbon chert is the only organic sedimentary rock ob­
served within this unit in the study area. It accounts for approxi­
mately 5 to 10% of the total volume of this unit. Chert outcrops are 
now lens shaped, whether this shape is depositional or tectonic is not 
known. Individual ribbons are 1 to 4 cm. thick, separated by thin shale. 
The largest ribbon chert outcrops (up to approximately 65 by 165 m.) in
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the area occur along the northeastern margin of the Twin Sisters Dunite. 
Ribbon chert decreases in abundance to the south. At the southeastern 
ridge of the Twin Sisters range, two 6 by 13 m. lenses of ribbon chert 
crop out. All radiolaria observed in this unit are ghosts.
4. Metamorphism
Metamorphism of this unit is best depicted by the volcanic and 
pyroclastic rocks. Siltstone and sandstone show the basic assemblage of 
pumpellyite + chlorite + lawsonite + muscovite. Volcanic and pyroclastic 
rocks show the metamorphic assemblages: iron-rich pumpellyite + ara­
gonite + chlorite (91-295 and 296), iron-rich pumpellyite + chlorite +
epidote (91-427), and iron-rich pumpellyite + actinolite + chlorite
+3(91-132). These phases are plotted on a Al-Ca-Fe diagram (Figure 36).
The mineral phases compare favorably to facies type B of the Jurassic 







+3Figure 36 Generalized Al-Ca-Fe diagram for stable mineral assemblages 
observed in the Elbow Lake unit.
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5. Comparison and Correlation
The rocks of the Elbow Lake unit are correlative with other rocks with­
in the study area and the nearby foothills based upon a number of cri­
teria: 1) lithologies, 2) presence of titaniferous salite(augite) in 
many of the volcanic rocks, 3) similiar textural zones in the fine 
grained volcaniclastic rocks, 4) similiar metamorphic mineral assem­
blages, and 5) continuation of structural units. Within the present 
study area near Tuckway Lake are several outcrops of interbedded pillow 
basalt, basalt, ribbon chert, and siltstone. These rocks are tectonic 
fragments within a fault zone containing fragments of Yellow Aster Com­
plex and serpentinite. One of the basalt samples is titansalite-bearing, 
but most lack remnant ferro-magnesium minerals. Sample 91-258 from the 
slices near Tuckway Lake is petrographically identical to sample 91-318 
which is a basalt from the main portion of the Elbow Lake unit. These 
tectonic fragments are assigned to the Elbow Lake unit because of: 1) 
the presence of large quantities of ribbon chert interbedded with basalt 
(only observed elsewhere in the study area within the Elbow Lake unit),
2) the presence of titansalite in at least one of the basalts, 3) the
petrographic similarity between the basalts near Tuckway Lake and the 
Elbow Lake unit, and 4) the fault zone at Tuckway Lake is believed 
to be a continuation of the Bell Pass fault zone which borders the El­
bow Lake unit by the Twin Sisters Dunite, and therefore could have imbri­
cated tectonic fragments of the Elbow Lake unit.
Adjacent to the present study area are the field areas of Rady 
(198Q) and Frasse (1981). Their areas are located along the northwest­
ern and western,southern, and northern borders of the present study area.
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respectively. Rady and Frasse mapped rocks of Chilliwack Group and 
questionable Chilliwack Group within their study areas. A petrograph­
ic and petrologic survey of their rocks for this study has resulted in 
a reinterpretation of the assignment of some of these rocks to the Chil­
liwack Group. Instead, I assign some of these rocks (discussed in the 
following pages) to the Elbow Lake unit.
Along the western, northern, and southern margins of the Twin Sis­
ters Dunite are several aphanitic and porphyritic volcanic rocks inter- 
bedded with ribbon chert and siltstone (Frasse, 1981). Frasse (1981) 
noted that the volcanic rocks (basalt and pillow basalt) which crop out 
along the Middle Fork Nooksack River and Orsino Creek in his area were 
identical to volcanic rocks interbedded with Cretaceous phyllite at Mt. 
Josephine (see Figure 1, p. 2). It is my view that these volcanic rocks 
(many of which contain titansalite) which Frasse (1981) mapped as ques­
tionable Chilliwack Group, and others he mapped as Chilliwack Group
/
should be considered correlative to the Elbow Lake unit of this study. 
Table 5 includes a summary of the volcanic rocks within the area studied 
by Frasse (1981) that are correlative to the Elbow Lake unit.
In Rady's (1981) Groat Mountain study area (Figure 1), volcanic 
flows and pillow lavas are associated with ribbon cherts and coarse to 
fine clastic rocks. The volcanic rocks contain pale pink, pleochroic 
titansalite. These rocks are mapped as Chilliwack Group by Rady (1980) 
and here assigned to the Elbow Lake unit. Table 5 includes a list of 
thin section samples of volcanic rocks from the Groat Mountain area 
which are correlative to the Elbow Lake unit.
The reasons for correlating the rocks of Rady (1980) and Frasse
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Sample Map Unit Appendix Unit Location
92-S2 uPv uPv W. of Goat Mtn.
92-U6 uPv uPv?*2 S. Fork Nooksack River
92-U7 uPv uPv?*2 S. Fork Nooksack River
92-V3 uPv uPs W. of Goat Mtn.
92-V8 Kph uPv S. Fork Nooksack River
92-VlO Dun — Goat Mtn. ? located correctly
92-W9 uPv — S. Fork Nooksack River
92-AB2a uPv?*2 uPv?*2 M. Fork Nooksack River
92-AB4 uPv?*2 uPv?*2 M. Fork Nooksack River
92-AC2C uPv?*2 uPv?*2 M. Fork Nooksack River
92-AGl uPv uPv?*2 Orsino Creek
92-AG3 uPv uPv?*2 Orsino Creek
92-AG7a uPv uPv Orsino Creek
92-AH6 — uPv?*2
92-AX5 uPv pDb Shear Creek fault zone
92-AX5a uPv uPv?*2 Shear Creek fault zone
92-AX5b uPv Shear Creek fault zone
85-324 Cv Cv M. Fork Nooksack River
85-7/20/2 Cv Cv Grouse Butte
85-7/20/6 Cv Cv Grouse Butte
85-7/20/7 Cv Cv Grouse Butte
85-8/1/2 Cv Cv NE of Grouse Butte
85-8/1/3 Cv Cv NE of Grouse Butte
85-8/13/4 Cv Cv NE of Grouse Butte
85-8/17/8 Cv- Cv NE of Grouse Butte
Table 5 Volcanic rocks in the Twin Sisters area (Frasse, 1981) and the
Groat Mountain area (Rady, 1980) that are assigned to the Elbow 
Lake unit.







Rady (1980) Cv 
(8^-#)
- upper Paleozoic Chilliwack Group sedimentary
rocks
- upper Paleozoic Chilliwack Group volcanic rocks
- meta-volcanic rocks petrographically similar
to rocks interbedded with and overlying meta­
sediments on Mt. Josephine
- Cretaceous phyllite and phylIonite
- Dunite
- pre-Devonian Yellow Aster Complex meta-gabbro
- Chilliwack Group volcanic rocks
- sample either not appearing in the appendix
or on the sample locality map
84
(1981) are:
1) The volcanic rocks (basalt) in both areas are petrographically simi­
lar to those in the Elbow Lake unit, and many are titansalite-bearing.
2) Lithologies with which the volcanic rocks are interbedded are the
same as in the Elbow Lake unit.
3) Ribbon chert which is part of the Elbow Lake unit is continued along
the northern and southern borders of the Twin Sisters Dunite (mapping
by Rady, 1980 and Frasse, 1981). As discussed for the Elbow Lake unit,
ribbon chert increases in proportion to the north along the Twin Sisters
dunite in the present study area; ribbon chert mapped by Frasse (1981)
is in greatest abundance along the northern margin and is less in the
south. Rady (1980) also has mapped large outcrops of ribbon chert in
the Groat Mountain area just across the Middle Fork Nooksack River to
the north of the Twin Sisters Dunite.
4) Similiar low grade metamorphic assemblages exist in the Frasse and
Rady units, here assigned to the Elbow Lake unit. Chlorite + iron- 
rich pumpellyite + epidote is the common metamorphic assemblage. Rum­
pel lyite in sample 92-AX5a was found by elctron microprobe to contain 
approximately 10 % FeO* (E.H. Brown, analyst, data in Appendix 4). Ara­
gonite is present in several of the volcanic rocks as vein fillings. Acti- 
nolite is present in two of the volcanic rocks in the Groat Mountain area. 
Based upon these assignments, the Elbow Lake unit represents a structural 
unit which crops out along the margins of the Twin Sisters Dunite.
The presence of titanaugite-bearing basalts has been reported by 
Testa and others (1982) from rocks of the Church Mountain thrust plate 
of Misch (1966) at Church Mountain, Lope'j, Island, Chuckanut Mountain,
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Table Mountain, and Haystack Mountain. They proposed that the similar­
ities in pyroxene composition suggest a genetic relationship. Peter 
Misch suggests that these rocks represent a facies of the Chilliwack 
Group which is probably Permian in age (Misch, 1966; personal communi­
cation, 1983).
In the Haystack Mountain area (Figure 1, p. 2), titansalite(augite)- 
bearing volcanic rocks are currently being worked on by Jack Cruver (the­
sis in progress). Within the Haystack Mountain unit, iron-rich pumpelly- 
ite, chlorite, epidote, aragonite, and actinolite are the stable meta- 
morphic mineral phases. These phases are the same as those found in the 
Elbow Lake unit. The age of the Haystack Mountain unit, based on work 
by Whetton (1980) within rocks of the Haystack Mountain unit of Cruver 
(thesis in progress), is Jurassic.
On Mt. Lyman (between Haystack Mountain and the Twin Sisters, see 
Figure 1), titanaugite volcanic rocks are observed intercalated with 
phyllitic siltstone (Brown, personal communication, 1982). In the Mt. 
Shuksan area, near Baker Lake similiar titansalite(augite)-bearing vol­
canic rocks and ribbon chert crop out in a large tectonic fragment below 
the Shuksan thrust fault (Leiggi, thesis in progress). Amygdaloidal 
basalt (90-166) from near Baker Lake is very similiar to the amygdaloidal 
basalt of the Elbow Lake unit (91-257) from near Tuckway Lake in this 
study area. Mapping south of Baker Lake by E.H. Brown (personal communi­
cation, 1982) reveals this unit to crop out over even a larger area. The 
rocks at Haystack Mountain, Lyman Mountain, and near Baker Lake are inter­
preted as correlative to the Elbow Lake unit.
Microprobe data (see Appendix 6) on pyroxenes from the Elbow Lake
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unit and correlative volcanic rocks are plotted on an eigenvector discri­
mination diagram (Figure 28, p. 56, see pages 55-57 for a discussion of 
that diagram). The Elbow Lake unit displays a trend from the within-plate 
tholeiite-ocean floor basalt field to the within-plate alkalic basalt 
field. Four samples from the Haystack Mountain area plot in the volcanic 
arc basalt field overlapping the Chilliwack Group samples of volcanic arc 
affinity. The pyroxene data suggest that the Elbow Lake unit samples are 
transitional between oceanic and arc affinities. Whole rock major and 
trace element analyses of the volcanic rocks from the Haystack Mountain 
area are interpreted by Cruver (thesis in progress) to represent the 
early stages of back-arc basin development.
In conclusion, the Elbow Lake-Haystack Mountain unit consists of 
predominately siltstone and fine grained volcanielastics interbedded with 
titansalite(augite)-bearing volcanic rock and ribbon chert. It crops out 
as tectonic fragments within the imbricate zone of Misch (1966). Based 
upon major and trace element geochemistry, the volcanic rocks erupted 
during the early stages of development of a back-arc basin (Cruver, thesis 
in progress). The age of the Elbow Lake-Haystack Mountain unit is in 
question. Based on work by Whetten and others (1980), Cruver considers 
the rocks in the Haystack Mountain area to be Jurassic. Misch considers 
the ribbon chert and associated basalts to be probably Permian in age 
and a deep-water facies of the Chilliwack Group (personal communication, 
1983). Until more fossil or radiometric dates are derived for this unit, 
its correct status will remain in question. This unit does, however, crop 
out as a mappable unit distinguishable from the Chilliwack Group proper 
based upon lithologic association, stable metamorphic mineral assemblages, 
and deformational character within the study area and elsewhere.
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D. Nooksack Group
Rocks of the Nooksack Group are exposed in the north-central part
of the study area in the western cliffs of the Deming glacial trough.
The cliffs are mainly dark gray volcaniclastic siltstone with minor 
interbeds of light gray, fine to medium grained, volcaniclastic sand­
stone. Graded bedding and flame structures are the most commonly pre­
served primary structures in the sandstone. Bedding is difficult to 
distinguish in the siltstone. No fossils were observed in these out­
crops.
The age of the Nooksack Group has been determined to be Late Jur­
assic through Early Cretaceous (Misch, 1966 and Jeletsky, 1965). It 
is interpreted by Misch to be a rapidly accumulated, largely deep water 
sequence of volcaniclastic rocks with local tectonic highs (Misch, 1966, 
p. 118). Sondergaard (1979) suggests deposition of these sediments as
submarine fans along the flank of a volcanic arc in either a fore-arc 
basin or marginal basin behind the arc. Such interpretations are com­
patible with the lithologies in the Park Butte-Loomis Mountain area.
The Nooksack Group in this area is probably correlative with other 
exposures of Nooksack Group mapped by Misch (1966), Sondergaard (1979), 
and Rady (1980). The Nooksack Group just east of the Gj^oat Mountain 
area(Rady, 1980) is at the headwaters of Wallace Creek. At an eleva­
tion of 3000 feet, cliffs of similar dark, fine grained volcaniclastic 
siltstone are found. These outcrops in Wallace Creek are almost cer­
tainly continuous with those in the Deming glacial trough, approximately 
one mile to the southeast. The ridge which separates the two outcrops 
are flows from Mt. Baker (Black Buttes) that overly the Nooksack Group
rocks.
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E. Yellow Aster Complex
The Yellow Aster Complex (YAC) consists of a suite of rocks which 
occur as tectonic fragments in the foothills of the North Cascades. The 
YAC was designated by Misch (1966) to include several types of crystal­
line rocks that he believes to be pre-Middle Devonian in age and base­
ment to the North Cascades. Brown and others (1981) noted that the YAC, 
as defined by Misch, contained several unrelated exotic crystalline 
rocks and they restricted the YAC to the types of felsic pyroxene gneiss 
and associated felsic to mafic dikes which crop out at Yellow Aster Mea­
dows. The felsic gneiss at Yellow Aster Meadows contains diopsidic 
augite, almandine garnet, calcium-bearing plagioclase (now reacted to 
albite and epidote), iron-poor epidote, sphene, and iron-oxide (Brown 
and others, 1981, p. 175). Mattinson (1972) interpreted an age of 
1450 - 2000 ma. for the crystallization of zircon in the felsic pyroxene 
gneiss of Yellow Aster Meadows. This middle to late Precambrian age 
is considered by Misch (1977a, p. 3) as the first orogenic-metamorphic 
cycle recorded in the YAC. A second, younger (Caledonian), amphibolite 
facies orogenic event is recorded by metamorphic sphene in the gneiss 
on which Mattinson (1972) obtained a concordant U/Pb age of 415 ma 
(Silurian). Misch reported a K/Ar age of 443 + 13 from hornblende 
(Joan C. Engels, personal communication, 1962, in Misch, 1976) as re­
presentative of this Silurian amphibolite-facies metamorphic event.
The felsic pyroxene gneiss is intruded by two igneous phases;
1) gneissic intrusives and 2) non-gneissic intrusives. A discordant
zircon age was obtained on an intrusive gneissicquartz diorite which Mattin­
son (1972) interpreted to represent a. 425 ma (Silurian) intrusive age and
#
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a 90 ma (mid-Cretaceous) metamorphic age. The similarities of age for 
the amphibolite facies metamorphism of the pyroxene gneiss and the in­
trusive age of the quartz diorite gneiss suggest that the gneissic intru­
sions are syntectonic with the amphibolite facies metamorphic event. The 
youngest intrusive phases into the YAC post-date basement metamorphism 
(Misch, 1977a, p. 3) and have not been dated. These non-gneissic intru- 
sives are only partially metamorphosed to the greenschist facies in the 
Park Butte-Loomis Mountain area. The greenschist facies metamorphism is 
assumed here to be the same 90 ma event which affected the gneissic in­
trusive phases.
1. Petrology and Petrography
Two different types of Yellow Aster Complex crop out in the Park
Butte-Loomis Mountain area: 1) the pyroxene gneiss and related intrusive 
rocks and 2) a mafic/ultramafic suite of rocks. The felsic pyroxene 
gneiss and related intrusives are here informally termed the Yellow 
Aster Complex sensu stricto (YACss). The second type of Yellow Aster 
Complex crops out as individual tectonic slices not connected to the 
YACss, and therefore its relationship to the YACss is not known. This 
second type of Yellow Aster Complex is hereafter informally referred to 
as the mafic/ultramafic Yellow Aster Complex (m/umYAC). The YACss is 
correlative with the Yellow Aster Complex at Yellow Aster Meadows based 
upon the presence of the felsic garnet-pyroxene gneiss and related in­
trusive rocks. The m/umYAC may represent the structurally lower portion 
of the YAC at Yellow Aster Meadows (Sevigny, personal communication, 
1982), or it possibly may be an entirely separate unit from the YACss.
The Yellow Aster Complex (YAC) crops out as tectonic slices through-
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out the map area. For simplicity, they are grouped by geographic loca­
tion: 1) Park Butte, 2) Bell Pass and Knocker Creek, 3) Washington Monu­
ment, 4) Tuckway Lake, 5) Elbow Lake, and 6) Loomis Creek. The following 
is a field and petrographic description of the various tectonic slices. 
Select samples were analyzed for whole rock major element chemical compo­
sition. This information is presented in the geochemistry portion of 
this section.
The Park Butte YAC, including that exposed on Sulphur and Dillard
Ridges, is the largest tectonic slice of YACss in the map area (see Plate
21). It crops out over approximately 12 km. and is about 370 m. thick.
It consists of a felsic garnet-pyroxene gneiss which is intruded by fel- 
sic to mafic dikes. Cross-cutting relationships, xenoliths, and other 
igneous features are readily observable. All the complex igneous rela­
tionships have not been worked out, and more detailed work is needed for 
deciphering the internal structure of this tectonic slice.
The oldest rock in the Park Butte YACss slab is the garnet-pyroxene 
gneiss (sample 91-230). It crops out as 1 to 10 m. blocks which are in­
truded by younger dikes (Figure 37). The gneiss is light gray with a 
well-defined foliation of feldspar and quartz segregation, where quartz 
weathers to a positive relief. It is composed of quartz, albite, clino- 
pyroxene, garnet, sphene, epidote, actinolite, chlorite, muscovite, and 
hematite. The garnet-pyroxene gneiss in the Park Butte YACss slab is 
assumed to be correlative with that at Yellow Aster Meadows. The meta- 
morphic assemblage of garnet and epidote is indicative of amphibolite 
facies metamorphism. This assemblage may be the result of the Silurian 
orogenic event suggested by the age dating (Mattinson, 1972). This
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Figure 37 Garnet-pyroxene gneiss (light colored) intruded by a dark 
andesite porphyry from the Park Butte YACss slab. Note 
dike cross-cuts the foliation (diagonal) of the gneiss 
(sample locality 91-213)
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early metamorphism is overprinted by a retrogressive greenschist meta- 
morphism in which clinopyroxene is partially reacted to actinolite (Fi­
gure 38), and garnet is fractured and partially replaced by chlorite (Fi­
gure 39). This greenschist facies metamorphism may be the result of the 
90 ma erogenic event (Mattinson, 1972).
Other felsic gneiss such as 91-5 occur within the Park Butte YACss 
slab and are indistinguishable from the felsic garnet-pyroxene gneiss in 
outcrop. Petrographically they are very similiar to the garnet-pyroxene 
gneiss, but lack the garnet and pyroxene. A more mafic variety of the 
felsic gneisses, an actinolite gneiss (91-454), is present in minor 
amounts. The actinolite gneiss is green gray with a well defined foli­
ation of actinolite, felspar, and quartz segregations. The petrographi­
cally determined mineralogy of this gneiss is: blue-green actinolite, al- 
bite, epidote, chlorite, sphene, and opaque minerals. The latter two 
gneisses occur as independent blocks surrounded and intruded by non- 
gneissic intrusive phases, similiar to the setting of the felsic garnet- 
pyroxene gneiss.
Only one gneissic intrusive phase was identified in the Park Butte 
YACss slab, and that is a quartz diorite gneiss (91-195). This lithology 
is best exposed in the quarry along Forest Service Road (F.S.R.) 372 and 
the large outcrop along F.S.R. 372A. The quartz diorite is weakly foli­
ated (Figure 40) and in places lacks a foliation (sample locality 91-197). 
The mineralogy consists of clinopyroxene reacted to hornblendic-actino- 
lite, plagioclase reacted to albite and granular epidote, anhedral quartz 
(fractured in the foliated varieties), and minor amounts of sphene, 
chlorite, and skeletal ilmenite (Figure 41). Xenoliths of the quartz
»
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Figure 33 Clinopyroxene (cpx) partially reacted to actinolite (act) in 
a garnet-pyroxene gneiss from the Washington Monument YACss 
slab, (sample 91-445)
* * *
Figure 39 Carnet (gt) fractured and partially reacted to chlorite (chi) 
in a garnet-pyroxene gneiss from the Park Butte YACss slab, 
(sample 91-230)
Figure 41 Clinopyroxene (cpx) partially reacted to hornblendic-actino­
li te (hb) in a quartz diorite from the Park Butte YACss slab, 
(sample 91-195)
95
diorits gneiss are found in the non-gneissic intrusives in the road cut 
along F.S.R. 372A. It is tempting to correlate this lithology to the 
dated Silurian (Mattinson, 1972) quartz diorite gneiss at Yellow Aster 
Meadows. Such a correlation is tentative at best; however, the weakly 
foliated quartz diorite gneiss is quite similiar to the quartz diorite 
gneiss at Yellow Aster Meadows (Sevigny, personal communication, 1983).
The non-gneissic igneous intrusive complex, which makes up approxi­
mately 80% of the lithologies in the Park Butte YACss slab, consists of 
dikes and larger intrusives. Compositionally they range from gabbro to 
diorite to tonalite to trondhjemite, yet felsic varieties are by far 
subordinate (approximately 5 to 10%). The typical composition is diori- 
tic to gabbroic. Commonly preserved igneous textures are porphyritic, 
aphanitic, phaneritic, pegmatitic, and inequigranular seriate. Primary 
igneous textures are readily observable with psuedomorphic recrystalli­
zation common. Aphanitic varieties show much more recrystallization 
than do phaneritic types. Primary igneous minerology consists of plagio- 
clase, clinopyroxene, hornblende, quartz, and accessory ilmenite. Plagio- 
clase occurs as euhedral phenocrysts (up to 3 mm.) and subhedral ground- 
mass laths (.5 to 2 mm.). It is often partially reacted to varying 
amounts of albite and epidote. Clinopyroxene (1 to 2 mm.), sometimes 
subophitic, is the most common ferromagnesium mineral. It is commonly 
partially reacted to actinolite. In sample 91-205 some clinopyroxene 
is partially rimmed by hornblende + actinolite or just actinolite (Fi­
gure 42). It is not known whether this rimming hornblende is a primary 
crystallization feature or if it is metamorphic, although primary horn­
blende is observable within other non-gneissic intrusives in the Park
Figure 42 Gabbro-diorite porphyry of the Park Butte YACss slab. Clino- 
pyroxene (cpx) is rimmed by hornblende (hb) and partially 
reacted to actinolite (act), (sample 91-205)
* * *
Butte YACss slab. Primary hornblende in other samples is partially re­
acted to actinolite. The actinolite crystallization may be representa­
tive of the mid-Cretaceous orogeny. Other products of this metamorphic 
event are the formation of sphene, epidote, and hematite. Viens of preh- 
nite and pumpellyite are observed in several samples and may represent a 
late phase metamorphism related to emplacement of the YACss.
As stated earlier the Park Butte YACss slab is believed correlative 
with the Yellow Aster Meadows YAC. Because the Park Butte YACss slab is
the largest tectonic slice of YAC in the study area, all other YAC rocks 
in the area will be compared to it.
The Bell Pass and Knocker Creek YAC rocks consist of numerous slices 
intimately imbricated with ultramafic and Vedder Complex rocks. This
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group of tectonic slices is located within the same fault zone as the 
Park Butte YACss slab and crop out just west of that slab (see Plate 1).
The largest slice of this group is located on the knob east of Bell Pass 
and is believed to be a continuation of the Park Butte YACss slab which 
has been fragmented and tectonically mixed with its associated rocks.
The lithologies within the tectonic slice on the knob east of Bell Pass 
are predominately gabbro with minor amounts of felsic gneiss, identical 
to those in the Park Butte YACss slab. The only difference between the 
two slices is the higher degree of cataclasis in the smaller fragment.
In Knocker Creek, slices of YAC are gabbroic with no associated pyroxene 
gneiss. The gabbro (Figure 43) has the basic minerology of: rare clino- 
pyroxene cores rimmed by hornblende (metamorphic ?, igneous ?) which is 
reacted to actinolite, subhedral plagioclase reacted to epidote, with 
miner amounts of chlorite, sphene, quartz, and skeletal ilmenite. Cata­
clasis has transformed the non-foliated gabbros to foliated gabbros (Fi­
gure 44), to cataclastic gabbros (Figure 45 and 46), to mylonite (Figure 47). 
The cataclastic gabbro is observable on the scale of Figure 46 and in 
outcrop, segregations are up to 1 m. (sample locality 91-477). The mi­
neralogy of the foliated gabbros and cataclastic gabbros is similiar to 
the non-foliated gabbros, except that hornblende decreases in abundance 
with increase in cataclasis. This sequence is best documented by thin 
section examination from non-foliated gabbro (91-118 and 185), to foli­
ated gabbro (91-184, 186, and 190), to cataclastic gabbro (91-478 and 
479), to mylonite (91-482).
The Washington Monument YAC rocks consist of numerous discontinuous 
lenses along the western slope of Washington Monument and the SE-NW
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Figure 44 Foliated gabbro of the Yellow Aster Complex, (sample 91-186)
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Figure 45 Transitional foliated-cataclastic gabbro of the Yellow Aster 
Complex, (sample 91-478)
* *
Figure 46 Cataclastic gabbro of the Yellow Aster Complex, (sample 91-479)
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Figure 47 Mylonite, formerly gabbro of the Yellow Aster Complex, 
(sample 91-482)
trending ridge leading there (see Plate 1). The rocks are identical in 
lithology to those found in the Park Butte YACss slab, including both 
garnet-pyroxene gneiss and intrusives. Thus the Washington Monument YAC 
is assigned to the YACss. The summit of Washington Monument is mapped by 
Frasse (1981) as YAC and alternately by Smith (1961) and Danner (1966) as 
feldspathic graywacke of the upper clastic sequence in the Chilliwack 
Group. This study supports the Chilliwack group interpretation. This 
interpretation does not mean that the cliffs that comprise the summit 
may not contain slices of YAC, since it is found nearby. The reasons 
for mapping the summit thus are four fold:
1) Danner (1966), although he did not go to the summit of Washington Mon­
ument, made an examination of the talus from the NE side and found no
lithologies that were not feldspathic graywacke or conglomerate.
2) Smith (1961) measured 120 feet of the lower portion of the cliff and
also investigated the talus slopes; he found no rock type distinctly
different from those measured in the first 120 feet of the upper clastic
sequence.
3) From a distance, the cliffs above the Red Mountain limestone appear to
have bedding which parallels the bedding in the limestone and shale se­
quences below (Figure 48). Because of the poor outcrop visited in the
field, a positive identification was not possible, so a sample (91-448)
was collected. Thin section examination proved it to be a highly cata- 
clastic rock composed of strained quartz, feldspar, epidote, and chlorite,
not conducive to positive identification.
4) A sample (92-AK7) collected by Frasse (1981) near the summit and iden­
tified as YAC is reinterpreted in this study to represent a Tertiary ?
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Figure 48 Washington Monument, looking southwest from Dock Butte. The
stratigraphy of siltstone (s), limestone (Is), and feldspathic 
graywacke and conglomerate (eg) is visible.
* * *
intrusive with partial dueteric alteration. Two other samples from near 
the base (92-AMl and AMlb) also mapped as YAC are reinterpreted here as 
Tertiary ? intrusives. These two samples are identical to the one near 
the summit, except for lesser degree of dueteric alteration. These three 
samples are similiar to other Tertiary ? intrusives observed throughout 
this thesis area and are further discussed with the Tertiary ? intrusives.
The Tuckway Lake tectonic slices are located along Forest Service 
Road 3770 and in the area north of Tuckway Lake (see Plate 1). This 
group of related rocks may or may not be part of the YACss. Lithologies 
within the largest slab consist of clinopyroxenite, cumulate gabbro, 
gabbro, and serpentinite around the margins and along fractures. Several
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smaller slices are found within sheared serpentinite and have lithologies 
identical to those in the main slab. These lithologies are not found in 
the large Park Butte YACss slab, and for that reason they are separated 
out as the m/umYAC. Recent work by Sevigny (personal communication, 1982) 
indicates that cumulate gabbro and pyroxenite may be lithologies found 
within the structurally lowest part of the YAC at Yellow Aster Meadows. 
Therefore the Tuckway Lake tectonic slices may represent a tectonically 
dismembered portion of the YACss not observed by the author in the lar­
ger Park Butte YACss slab.
The majority of the large tectonic slice near Tuckway Lake consists 
of a salt and pepper appearing cumulate gabbro (91-225), which is best 
exposed in road cuts on Forest Service Road 3770. The outcrop is frac­
tured by numerous subhorizontal shear planes. Petrographically, the 
cumulate gabbro consists of subhedral cumulus clinopyroxene surrounded 
by intercumulus of plagioclase. The clinopyroxene is partially reacted 
to hornblendic-actinolite with only a few cores remaining (Figure 49).
The plagioclase is almost entirely reacted to albite + epidote. Acces­
sory minerals include sphene, ilmenite, and apatite. The gabbro is 
identical to the cumulate gabbro except for lacking the cumulate tex­
ture. The clinopyroxenite (samples 91-217 and 229) comprises approxi­
mately 5% of the exposed outcrops. Xenoliths of pyroxenite are obser­
ved in the gabbro. Primary clinopyroxene is. folded and sheared. Sam­
ple 91-217 shows partial metamorphic recrystalization of clinopyroxene 
to actinolite and tremolite. Sample 91-229 contains clinopyroxene which 
is completely reacted to tremolite, as well as a lower temperature
104
bastite, psuedomorphing clinopyroxene.
The Elbow Lake YAC consists of several tectonic slices which crop 
out along an approximately N20W fault zone in the Elbow Lake unit (see 
Plate 1). There are five tectonic slices in the fault zone: four are 
meta-igneous YAC, and one is a greenschist of the Vedder Complex.
The greenschist will be discussed with the Vedder Complex. The north­
ernmost exotic slice is located along the northern edge of Elbow Lake, 
It is an approximately 20 m. long, dark gray gabbro body which weathers 
a brownish green. Petrographically it consists of plagioclase reacted 
to albite + epidote, bluish green actinolite, and sphene. One-eigth 
of a kilometer south is a light gray outcrop which has been previously 
mapped as YAC (Kagan, 1961). Two samples were collected (91-131 and
* * *
Figure 49 Cumulate gabbro of the m/umYAC from the Tuckway Lake slab.
Clinopyroxene (cpx) is partially reacted to hornblendic- 
actinolite (act), (sample 91-225)
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139); both are highly cataclastic, consisting of strained quartz, albite 
chlorite, and epidote. Cataclasis prevents positive identification.
The third YAC lens was previously mapped by Ragan (1961), It crops out 
on the southern side of Sister Creek. The slice is approximately 15 by 
35 m. and weathers a reddish brown, very similar to the Twin Sisters 
Dunite. The rock is a cumulate gabbro similar to that in the Tuckway 
Lake m/umYAC slab. Plagioclase (2 to 4 mm.) constitutes 45 % of the 
mode and is partially reacted to albite + epidote. Cumulus clinopyro­
xene is approximately 55 % of the mode and is partially recrystallized 
to actinolite and bastite. A fourth YAC outcrop was mapped by Frasse 
(1981) near the southeast margin of the Twin Sisters Dunite. This 
outcrop was not visited by the author, and no sample was available for 
examination. It is not known to what type of Yellow Aster Complex these 
rocks belong. The cumulate gabbro is very similar to the Tuckway Lake 
cumulate gabbro and so may be correlative with it. Such a correlation 
of the cumulate gabbro or any other YAC slice in this fault zone to other 
YAC is highly speculative, although assignment to the m/umYAC is more 
likely than to the YACss.
The Loomis Creek YAC rocks consist of several tectonic fragments 
located in the Loomis Creek drainage (see Plate I). The largest frag­
ment crops out as a cliff approximately .2 by 1 km. on the southern 
side of Loomis Creek, Lithologies consist predominately of nabbro-diorite 
which in places is intruded by an andesite porphyry. The gabbro-diorite 
is dark green. Petrographically it shows a high degree of psuedo- 
morphic recrystallization. Plagioclase (2 to 4 imi.) comprises 60 to 65% 
of the mode and is reacted to albite + epidote. Actinolite is present 
as pseudomorphs (?) of subhedral clinopyroxene. Accessory primary il-
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menite is partially reacted to sphene, and apatite is present. To 
which variety of YAC these slices belong is not known. No pyroxene 
gneiss is found associated with these fragments, and they are more 
silicic than any of the m/umYAC of Tuckway Lake. Major element geo­
chemistry suggests that they should be assigned to the YACss (see 
Geochemistry of the YAC).
2. Geochemistry
Whole rock major element chemical analysis was performed on a
selected group of YAC rocks from the study area. Non-gneissic, green- 
schist facies metamorphosed intrusives of the YACss (including the Loomis 
Creek YAC) and rocks of the m/umYAC were analyzed. Results of the 
analyses are found in Appendix 3. Major element compositional data for 
the YAC from Mattinson (1970) and Misch and Babcock (1982 abstract, data 
provided by Babcock, personal communication, 1982) are also used where 
pertinent. All data are separated into the two types of YAC defined 
in the petrology/petrography section of this thesis. Table 6 is a sum­
mary of the subdivisions used by Misch and Babcock (1982) as compared 
to those used in this study. Misch and Babcock analyzed predominately 
the orthogneisses of the YACss, only ■f'our samples were of non-gneissic 
intrusives. Six samples they analyzed are petrographically classified 
by Misch as pyroxenite and amphibolite. The field relationships for 
these rocks are not known, but chemically they are very similar to the 
m/umYAC analyzed from this study area, and thus they are lumped with . 
those rocks.
The YACss consists of three separate divisions: pyroxene gneiss, 
amphibolite facies intrusive gneisses, and greenschist facies'non-
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Sample Mi sch.'s Misch and Babcock (1982) Blackwell
Petrographic class. Geochemical class, (this thesis)
9.17.62.17 pyx. gneiss pyx. gneiss
8.15.61.6 pyx. gneiss pyx. gneiss YACss
8.6.59.23 qtz. pyx. gneiss pyx. gneiss pyx. gneiss
8.8.59.7 pyx. gneiss pyx. gneiss
9.7.50.8 trondj. gneiss YAC silicic
8.8.59.8 qtz. diorite gneiss YAC silicic
8.11.61.22 hornblende gneiss YAC silicic YACss gneisses
8.30.62.1 hornblende gneiss YAC silicic other than the
8.30.62.2 leuco-hb. gneiss YAC mafic-ca pyx. gneiss,
8.30.62.7 leuco-mica gneiss YAC silicic some with
8.30.62.lOA leuco-gneiss YAC silicic intrusive
8.30.62.11B qtz. diorite gneiss YAC silicic relationships
8.30.62.13 qtz. diorite gneiss YAC silicic
9.17.62.14 mica gneiss YAC silicic
9.18.62.6 trondj. gneiss YAC silicic
8.11.61.3 hornblende gabbro YAC mafic-ca YACss greenschist
9.9.61.8 trondjemite YAC silicic facies intrusives
9.9.61.10 trondjemite YAC silicic lacking gneissic
9.9.61.12 gabbro-diorite YAC mafic-ca texture
9.5.58.25 amphibolite YAC mafic-th
9.6.58.10 amp hi bol i te YAC mafic-th
9.6.58.12 pyroxenite YAC mafic-th m/um.YAC
8.20.59.2 amphibolite YAC mafic-th
8.11.61.31 amphibolite YAC mafic-th
Table 6 Summary of the division of the Misch and Babcock (1902) data 
for this study.
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gneissic intrusives. Marker variation diagrams, '.-igures 50 a-g, are 
used to illustrate mobility of individual oxides. General trends are 
observable for greenschist facies intrusives for MgO, FeO*, MnO, Al202> 
and CaO (Figures 50a - e), and these oxides are therefore assumed to 
have been relatively immobile during greenschist metamorphism. Ti02
displays a general trend, but more scatter is observable than for the 
previously mentioned oxides (Figure 50f). Na20 and K2O exhibit con­
siderable scatter (Figures 50g and h) and were probably mobile. Similar 
results on the Marker variation diagrams are observable for the pyroxene 
gneiss and amphibolite facies intrusives (Figures 50a - g). The small 
silica range and sparsity of samples hampers their interpretation.
A tectonic interpretation of the greenschist facies YACss intru­
sions is provided by the Jensen (1976) cation plot and the discrimina­
tion diagrams of Sun and Nesbitt (1978), Pearce and others (1977), and 
Pearce (1976), which were introduced with the Chilliwack Group geochemis­
try (pages 39 to 58). From the Jensen (1976) cation plot,. Figure 5L, 
it is observable that the YACss define a calc-alkalic trend, collective­
ly and individually. The Al202/Ti02 vs Ti02 plot (Sun and Nesbitt, 1978), 
Figure 52, is used to distinguish between MORB and island arc environ­
ments. The greenschist facies intrusives define an island arc trend.
The Pearce and others (1977) discrimination plot for basaltic andesites 
(Figure 53) has nine greenschist facies samples which meet the criteria. 
These nine plot in and nearby the erogenic field. The orogenic environ­
ment, as defined by Pearce and others (1977, p. 125), consists of island 
arc and subduction-related volcanism from active continental margins.
The Pearce (1976) eigenvector plots. Figure 54a and b, are not as reliable.
Figure 50 Marker variation diagrams for the YACss
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Figure 50a MgO vs Si02
MgO la -
Greenschist facies intrusives of the YACss 
• from the Park Butte-Loomis Mountain area
Loomis Creek YAC from the Park Butte-Loomis
® Mountain area
Greenschist facies intrusives of the YACss 
O data from Misch and Babcock (1982)
Amphibolite facies intrusives with qneissic 
□ texture of the YACss, data from Misch and
Babcock (1982)
-Amphibolite facies intrusives ^ith gneissic
■ texture of the YACss, data from Mattinson (1970)
-.Pyroxene gneiss of the YACss, data from 
^ Misch and Babcock (1982)
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Figure 50b FeO* vs Si02





















Figure 50d AI^O^ vs SiO^
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Figure 50e CaO vs Si02
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Figure 51 Jensen cation plot (1976) of the YACss. Trend lines and bound­






Figure 52 Al202/Ti02 vs TiO^ plot of the YACss. Discrimination lines
and diagram from Sun and Nesbitt (1978). (symbol key, see 
Figure 50 , p. 109)
il5
Figure 53 Fe0*-Mg0-Al202 discrimination diagram for the YACss. Discri­
mination lines and diagram from Pearce and others (1977). 
(symbol key, see Figure 50, p.l09)
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Figure 54 Eigenvector discrimination diagrams for the YACss. Discrimi­
nation lines and diagrams from Pearce (1976). (symbol key,
Figure 50 , p. 109)
Figure 54a F^ vs F2
WPB = within plate basalt 
OFB = ocean floor basalt 
SHO = shoshonitic basalt 
CAB = calc-alkalic basalt 
LKT = low-potassium basalt
Figure 54b F2 vs F^
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but they seem to indicate a possible volcanic arc environment for the 
greenschist facies intrusives.
Several conclusions regarding the YACss can be drawn looking at the 
geochemical data. The greenschist facies intrusives of the Park Butte 
YACss are probably correlative to the four samples of intrusions which 
lack gneissic texture from Misch and Babcock's 1982 data. This corre­
lation is based upon similar geochemical trends and the lack of a gneis­
sic texture in both. The geochemical evidence is four fold:
1) All samples from both areas plot in a similar calc-alkalic trend on
the Jensen (1976) cation plot (Figure 51),
2) The four samples of Misch and Babcock plot on the Al203/Ti02 vs TiO^
graph (Figure 52) along a trend similar to that defined by the Park
Butte YACss greenschist facies intrusives.
3) The two samples of Misch and Babcock which meet the criteria for
the Al203-Fe0*-Mg0 ternary discrimination diagram of Pearce and others
(1977), Figure 53, plot with the five samples from the Park Butte YACss
and the two samples from the Loomis Mountain YAC.
4) The two samples which meet the criteria for the Pearce (1976) eigen­
vector discrimination diagram (Figure 54a and b) plot with the green­
schist facies YACss from Park Butte in and near the CAB + LKT fields.
The non-gneissic greenschist facies intrusions represent the last 
intrusions into the YACss. These intrusions display only the partial 
metamorphic recrystallization of the greenschist facies which is infer­
red to be 90 ma (see Petrology and Petrography), and they lack a gneissic 
texture associated with the older intrusive phases. Geochemically they 
show a strong calc-alkalic trend (Figure 5l), and discrimination plots
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(Figure 52, 53 , and 54a and b) indicate an arc environment of intrusion. 
Their plots are quite similar to those displayed by the Chilliwack Group 
volcanic rocks (Figures 24, 25, 26, and 27a and b), also a volcanic arc 
environment. Whether the YACss greenschist facies intrusives are intru­
sive feeder dikes of the Chilliwack Group is highly debatable. If the 
YACss is basement to the Chilliwack Group, as suggested by Misch (1966), 
then this relationship is possible. Another possible interpretation of 
these rocks is that they are not intrusive equivalents to the Chilliwack 
Group volcanic rocks. Age dating by Mattinson (1972) brackets their 
age between 412 ma (crystallization of the gneissic intrusions) and 90 
ma (metamorphic overprinting of greenschist facies on the gneissic in­
trusions). The crystallization age of the gneissic intrusions (412 +
15 ma) and the metamorphic age of the pyroxene gneiss (410 + 85 ma) 
overlap, and the gneissic texture can be assumed to have developed with 
syntectonic intrusion during the metamorphic event. The younger green­
schist facies intrusions may be post-orogenic intrusives of this event 
and therefore older than the Chilliwack Group. Radiometric dating of 
the greenschist facies intrusives and trace element analysis of both 
of the intrusive phases of the YACss along with the Chilliwack Group 
volcanic rocks may be the only way to resolve this question.
Based upon geochemical analyses of predominately the orthogneisses 
from the YACss, Misch and Babcock (1982) concluded that the YAC repre­
sented the Plutonic portion of a dismembered continental margin magmatic 
arc or a very mature island arc system. This interpretation is compati­
ble with the interpretation of the greenschist facies intrusives put
forward here.
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Data for the mafic/ultramafic Yellow Aster Complex (m/umYAC) comes 
from two sources: Misch and Babcock (1982) and this thesis. Marker vari­
ation diagrams (Figures 55a - h) are used for determining mobility of 
oxides in the m/umYAC. The m/umYAC samples show a high degree of scatter. 
Therefore two possible conclusions may be drawn: 1) the rocks are an un­
related group of samples, or 2) they are a related group of samples with 
a high degree of mobilization. Four samples analyzed are from the Tuck­
way Lake slab and based on field evidence they are related (see Petrology 
and Petrography), yet no general trend is observable among these four 
samples. Samples of m/umYAC from the Park Butte-Loomis Mountain area are 
the most altered of any of the samples analyzed, so it is possible that 
they are a related group of samples with a high degree of mobility of 
oxides.
The m/umYAC samples fall within the komatiitic trend on the Jensen 
(1976) cation plot (Figure 56 )• The trend is believed to be the product 
of the tholeiitic cumulate gabbros and pyroxenites of the m/umYAC. The 
m/umYAC rocks are not ultramafic lavas (komatiites). As the compositions 
of the m/umYAC are not appropriate, tectonic discrimination diagrams are 
not constructed for the m/umYAC samples.
Comparing the m/umYAC chemical composition data to the YACss data, 
it is observable that they can be separated geochemically with little 
overlap of data. The YACss defines a calc-alkalic trend on the Jensen 
(1976) cation plot (Figure 51), whereas a pseudo-komatiitic trend is de­
fined by the m/umYAC (Figure 56). A ternary plot of the relatively stable 
oxides Al202-Fe0*-Mg0 (Figure 57) was constructed to compare the two 
types of YAC. The intrusives YACss samples define overlapping trends, 
and the m/umYAC define a trend which only slightly overlaps the intru-
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Figure 55 Harker variation diagrams for the m/umYAC.













Figure 55c FeO* vs Si02
FeO* = total Fe as Fe^^
Figure 55d MgO vs Si02
m/umYAC from the Park Butte-I.oomis 
^ Mountain area



































Figure 56 Jensen cation plot for the m/umYAC. Trend and boundary lines 
from Jensen (1976). (symbol key, see Figure 55, p. 119)
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Fe O'*
Figure 57 Fe0*-Mg0-Al202 diagram of the YAC. Field lines drawn by best
fit. (symbol key, see Figure 50, p. 109' and Figure 55, p. 119)
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sives of the YACss. The pyroxene gneiss of the YACss samples cluster 
with the YACss intrusives except for one sample. The odd pyroxene gneiss 
sample is much higher in MgO than the other four and so plots within the 
m/umYAC field. Comparing the normative mineralogies of the analyzed sam­
ples (see Table 7) shows the m/umYAC samples are all olivine and diopside 
normative, whereas none of the YACss groups are always olivine normative, 
and most samples are rarely olivine normative. The YACss are either diop­
side normative + hypersthene ^ olivine (greenschist facies intrusions), 
hypersthene normative + diopside - olivine (gneissic intrusions), or 
diopside normative + hypersthene - olivine (pyroxene gneiss). This dif­
ference in normative composition is a reflection of the mafic tholeiitic 
character of the m/umYAC as opposed to the calc-alkalic character of the 
YACss.
* * *
Diopside Hypersthene 01ivine Corundum Nepheline
(Di) (Hy) (01) (C) (Ne)
YACss + + + _ +non-gneissic
intrusives 
(17 samples)
100% 88% 59% 0% 12%
YACss + + _ +gneissic
intrusives 
(11 samples)
55% 100% 0% 45% 0%
YACss + + _ _
pyroxene gneiss
(4 samples) 100% 75% 0% 0% 0%
m/umYAC + + + +(11 samples) 100% 55% 100%' 0% 45%
Table 7 Comparative chart of the normative mineralogy of the YACss vs 
m/umYAC. Data from Misch and Babcock (1982) and this thesis 
(found in Appendix 3).
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F. Vedder Complex
The Vedder Complex (Armstrong and others, in press) includes tectonic
fragments of schist and amphibolite found throughout the foothills of the 
North Cascades. Radiometric dating yields Rb-Sr metamorphic ages of 
229 - 285 ma (Pennsylvanian to Permian) and K-Ar metamorphic ages of 219 - 
279 ma (permo-Triassic). Rocks of this complex are found at the type 
area, Vedder Mountain (Bernardi, 1977), within the imbricate zone below 
the Shuksan thrust fault (Leiggi, thesis in progress), along the north­
west margin of the Twin Sisters Dunite (Frasse, 1981), and within a fault 
zone in the Groat Mountain area to the immediate northwest of the present 
study area, where they consist of blueschist and epidote-amphibolite (Rady,. 
1980).
The Vedder Complex rocks crop out as eight observed tectonic lenses 
within fault zones in the Park Butte-Loomis Mountain area. Most of the 
lenses were mapped in Knocker Creek (see Plate I) where they are imbri­
cated with fragments of Yellow Aster Complex and ultramafic rock. Two 
other lenses were mapped; one is located across the Middle Fork Nooksack 
River from Knocker Creek, and the other occurs within the N20W fault zone 
in the Elbow Lake unit (see Plate I). Outcrops vary in exposure from 
2 to 10 m.. The rocks are typically light to dark green, and several 
have a well developed schistosity. Thin section examination reveals that 
they are amphibole schist with a common mineralogy of: quartz, albite, 
epidote, muscovite, chlorite, barroisitic amphibole, sphene, and opaque. 
Actinolite is present in two samples and clinozoisite in another. Sample 
91-154 contains helicitic albite with inclusions of epidote defining an
internal schistosity (S^). The is oriented both at angles to and
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subparallel to the external schistosity (S^) (Figure 58). The is de­
fined by the alignment of barroisitic amphibole, elongated albite, epidote, 
muscovite, chlorite, and actinolite (where present). The is deformed 
into broad open folds, with minor disharmonic folds of muscovite (91-166). 
These rocks are very similar petrographically to the epidote amphibolite 
mapped by Rady (1980) in the Groat Mountain area and are assumed here to 
be correlative.
G. Ultramafic Rocks
Several alpine-type ultramafic rocks crop out in the Park Butte-
Loomis Mountain area. The largest is the Twin Sisters Dunite which lies 
along the western border of the study area. The Goat Mountain dunite 
body is located at the southern margin of the study area. Both dunite
★ ★ ★
Figure 58 Amphibole schist of the Vedder Complex. Helicitic albites (ab) 
contain an internal schistosity defined by epidote (ep) inclu­
sions. External schistosity is defined by sodic amphibole (am) 
and flattened albite. (sample 91-154)
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bodies are marginally serpentinized. Up to 40 m. of serpentinite and 
serpentinized dunite occur along the western margin of the Twin Sisters 
Dunite. Serpentinized shear zones, 10 to 100 cm. thick, are found within 
the Twin Sisters Dunite (Levine, 1981). The orange-brown weathering dunite 
bodies are composed mainly of FOg2 _ 93- Enstatite, chromite, and lesser 
amounts of chromium diopside are accessory minerals (Ragan, 1961, 1967 
and Onyeagocha, 1973, 1978). The reader is referred to Ragan (1961, 1963, 
1967), Christensen (1971), Onyeagocha (1973, 1978), Thompson and Robin­
son (197S), Gaudette (1963), Hersch (1974), and Levine (1981) for more 
detailed petrology, geochemistry, petrofabric analysis, and seismic and 
aeromagnetic studies of the Twin Sisters and Goat Mountain dunite bodies.
Besides marginal serpentinite of the dunite bodies, serpentinite is 
tectonically imbricated with the Yellow Aster Complex and Vedder Complex 
rocks in Knocker Creek, Bell Pass, and near Tuckway Lake. Serpentinite 
is generally dark gray to green in color. Many exposures are well foli­
ated, but blocky non-foliated outcrops also occur. Relict pyroxene grains 
stand in positive relief on outcrops. Primary grains visible in thin 
section are forsterite, enstatite, chromite, and spinel. Metamorphic 
minerals consist of serpentine (antigorite), magnesium and iron chlorite, 
tremolite, talc, and magnetite. Mineral assemblages of these rocks are 
listed in Appendix 1.
H. Tertiary? Intrusives
Mafic (lamprophyric) intrusives are known to cross-cut rocks of the
Chilliwack Group and Cultus Formation in the study area. Exposures are 
at sample localities 91- 310, 347, 348, 356, 534, 535, 536, and 451. Six 
individual dikes and one intrusion of indeterminable nature were sampled.
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Dikes range in width from 3 to 30 cm.. All with the exception of 91-534 
are a dark brown to black color, weathering the same. Dike 91-534 in­
trudes a conglomeratic limestone of the Cultus Formation and is per­
vasively replaced by carbonate giving it a light gray color. The dikes 
are phaneritic to porphyritic. On the boundaries of the larger dikes, 
chill margins are visible. Minerals observable in hand samples are 
plagioclase, biotite, and hornblende.
For this study, the classification of Williams, Turner, and Gilbert 
(1954, p. 85) is used in naming the lamprophyres. These dikes are ker- 
santites, spessarites, and minettes. Chemically they are mildly potassic 
(Na4K) and are classified under the lamprophyre subgroup, shoshonitic 
lamprophyres (Joplin, 1966). Geochemical analysis data for four of the 
intrusives can be found in Appendix 2. Petrographically they exhibit 
a hypidiomorphic-granular to panidiomorphic-granular texture. The mafic 
minerals present are euhedral to subhedral biotite, hornblende, titansalite, 
and minor aegirine augite. Pseudomorphs of olivine phenocrysts altered 
to chlorite with rims and fractures lined with magnetite and hematite are 
present in the chilled margin of dike 91-347. Within the chilled margin, 
pseudomorphs are euhedral to subhedral (Figure 59), while in the interior 
of the dike they are more rounded and embayed. Other dikes also have 
ovoid to rounded phenocryst pseudomorphs with reaction rims of biotite.
The ovoid phenocryst pseudomorphs also may be olivine phenocrysts which 
have been more resorbed, similar to pseudomorphs of resorbed olivine? 
phenocrysts with surrounding phlogopite reported in a minette from the 
northern Black Hills (Kirchner, 1979). The groundmass of the lamprophyres 
is variable, being either plagioclase or analcite. In three dikes it is
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Figure 59 Euhedral olivine (ol) pseudomorphs reacted to chlorite + hema­
tite + magnetite from the chill margin of lamprophyre dike 
91-347. Later mafic minerals, augite (cpx) and hornblende (hb),
show much less deuteric alteration, (sample 91-347)
* * * 
plagioclase (91-310, 348, and 536), and in two others it is analcite 
(91-356 and 535). Accessory minerals are apatite and magnetite.
The dikes show varying degrees of alteration, from fresh (91-535) 
to highly altered (91-356). Biotite is commonly observed altered to 
an Fe-rich chlorite. In sample 91-356, biotite has battlemented ends 
(Figure 60). Brown hornblende is rimmed with green amphibole (actinolite) 
in sample 91-536. Titansalite (composition determined by microprobe 
analysis, E.H. Brown analyst, see Appendix 6 for data) is observed reacted 
to Fe-rich pumpellyite and Fe-rich chlorite in several dikes (91-356 and 
348). Aegirine augite occurs in sample 91-356 rimming titansalite and , 
also as individual groundmass crystals. These alterations are believed
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to be deuteric in origin rather than metamorphic. Lamprophyres typical­
ly have high volatile contents so deuteric alteration is common. If these 
alterations were metamorphic in origin, mineral assemblages would be ex­
pected to be more consistent between the dikes as their chemical compo­
sitions are fairly similar (see Appendix 3). The dikes would have been 
metamorphosed with the Chilliwack Group, and therefore actinolite should 
not be present since actinolite is not one of the metamorphic minerals of 
the Chilliwack Group in this study area. The varying degrees of altera­
tion between the dikes suggests that volatile content in individual dikes 
controls the amount of deuteric alteration.
Sample 91-451 is a hornblende gabbro which crops out in the thrust 
fault zone on Sulphur Ridge (see Plate I). It is an isolated outcrop
surrounded by Quaternary cover, so the exact contact relationships are 
★ ★ ★
Figure 60 Lamprophyre dike containing battlemented end biotite (bio), 
titansalite (cpx) altered to Fe-rich pumpellyite (pp), and 
an analcite (an) groundmass. (sample 91-356)
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not known. It has a medium grained phaneritic, hypidiomorphic-granular 
texture. The main mafic minerals present are subhedral brown hornblende 
(1 to 3 mm.), pale green diopsidic augite (.5 to 1 mm.), and biotite (1 
to 3 mm.). The mafic minerals partially enclose (1 to 3 mm.) plagioclase 
which accounts for 55 % of the mode. Biotite comprises 5 to 10 % of the 
mode and is deuterically altered to chlorite and muscovite. Hornblende 
and diopsidic augite account for 30 to 35 % and 5 % of the mode, respec­
tively. They are much less altered than the biotite and have occasional 
rims and fracture fillings of chlorite + actinolite. Plagioclase is rela­
tively fresh with minor amounts of sericite alteration. Accessory minerals 
include ilmenite, sphene, and apatite. Sample 91-451 is identical to 
hornblende gabbros mapped by Frasse (1981) as the Yellow Aster Complex 
(samples 92-AMl, AMlb, and AK7) at Washington Monument. Contact rela­
tionships for these rocks are covered by the typical lush vegetation of 
the northwest (Frasse, personal communication, 1982). Sample 92-AMl is 
the least altered with biotite partially reacted to chlorite and olivine? 
pseudomorphs altered to chlorite, magnetite, and hematite. The pseudo- 
morphs are similar to those found in the chill margin of lamprophyre dike 
91-347. Sample 92-AMlb shows a greater degree of alteration as hornblende
is also reacted to chlorite. Sample 92-AK7 is the most altered, where
all mafic minerals show varying degrees of deuteric alteration.
Elsewhere within the North Cascade foothills, few reports of lampro­
phyre dikes exist. Haugerud (1980) reported the presence of a lamprophyre 
dike within his "melange zone". He considered this dike to be Eocene or 
younger. This age was based on the lack of pre-Eocene, post-Shuksan metamorphism 
igneous activity recognized west of the Straight Creek Fault (Engels
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and others, 1976; Vance and Naeser, 1977). Leiggi (thesis in progress) 
has found lamprophyre dikes and other hornblende-bearing intrusives in the 
Mt. Shuksan area. Calkin (1959) reported lamprophyre and aplite dikes 
which cross-cut hornblendic rocks on Lummi Island. The lamprophyre dikes 
there contain hornblende, feldspar, biotite, chlorite, and magnetite.
More detailed work, including radiometric dates from hornblende-bearing 
dikes, is needed to further document the extent and age of this interesting 
post-orogenic complex.
III. STRUCTURE
The Park Butte-Loomis Mountain area is composed of several tectonic 
fragments (fault bounded blocks) imbricated along low to moderate west 
dipping thrust faults. The structure of the area corresponds to the mid- 
Cretaceous imbricate zone of Misch (1966, 1976, 1977a, 1980a, and 1980b).
A few brief statements regarding mapping and the map precede discussion 
of the structure. Since the map area is predominately below timberline, 
vegetation is lush and conceals most outcrops. Mt. Baker (Black Butte) 
volcanic rocks and glacial deposits also add to the concealment. Expo­
sures are limited to road cuts, cliffs, and stream beds. Quite often these 
are moss and lichen covered, obscuring detail (Figure 61). Aerial photo­
graphs were made available by the Mt. Baker National Forest Service Tech­
nical Center at Sedro Wooley. The outcrop pattern of the Twin Sisters 
Dunite was mapped from aerial photography excepting the margins, where 
outcrops were located and examined in the field. Mt. Baker (Black Butte) 
volcanic rocks and Quaternary deposits (including moraines and alluvium)
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Figure 61 Typical off-road outcrop in the Park Butte-Loomis Mountain area. 
* ★ *
were also mapped mainly by aerial photography. Two aerial flights over 
the field area allowed observation of several structures and outcrops 
which are unobservable or difficult to observe from the ground due to 
vegetative cover.
Parts of the map are taken from previous sources (see Plate 1) and 
specific outcrops were examined by the author as deemed necessary. Rady 
[ (1980) is credited for work north of the Middle Fork Nooksack River in the
1 vicinity of Wallace Creek (northwest corner of the map area). Frasse
(1981) mapped the southernmost portion of the map area near Goat Mountain,
i
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some of the northwest corner of the map area south of the Middle Fork 
Nooksack River, and west of the Twin Sisters Dunite. Scattered outcrops 
at and near Washington Monument and Dock Butte were first observed by 
Danner (1959, 1966) and Smith (1961). Previous maps of portions of the 
area were also done by Ragan (1961), Misch (1966, 1977a), and the Bechtel 
Corporation (1979). The Bechtel Corporation map relied on the previous 
work of Misch (1966, 1977a) and Ragan (1961). This previous mapping 
considered the area to be part of the Church Mountain thrust plate (Chilli­
wack Group) of Misch (1966) with tectonic fragments of the Twin Sisters 
and Goat Mountain dunite bodies and Yellow Aster Complex at Park Butte 
(Figure 62).
Tectonic fragments in the area are outlined on the basis of outcrop 
exposure of related groups of rock, extension of structure within indi­
vidual tectonic fragments (where possible), and petrology/petrography of 
the lithologies. Numerous outcrops were sampled and thin-sectioned 
(approximately 500 thin sections), since petrography proved to be a 
valuable tool for establishing related lithologies where contacts be­
tween rocks are covered. Various lithologies were related by comparing 
clasts within sediments to associated volcanic rocks, comparing metamor- 
phic mineral assemblages, and extrapolation of exposed depositional con­
tacts to areas where the same or similiar lithologies are associated, 
but the contact is not exposed. Tectonic contacts between the fragments 
are for the most part covered by regolith and dense underbrush. Major 
fault zones are traced by the outcrop pattern of crystalline fragments 
(Yellow Aster Complex, Vedder Complex, and ultramafic rock) and prominent 
low angle shear zones within various Chilliwack Group lithologies. In
135
SCALE:
0 2 A 6 8 10 MilesI—i—III ■
Figure 62 Geologic sketch map of the 
western North Cascades from Misch (1977a)
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some places, trenches, notches, and breaks in slope are a surface expres­
sion of these faults, although commonly the notches and trenches are sur­
face expressions of a later faulting/fracturing event(s) observed through­
out the area.
The general structure of the foothills of the North Cascades was 
first outlined by Misch (1966) (see Figure 4, page 14, and Figure 62) as 
a folded sequence of at least two stacked thrust sheets with an imbricate 
zone containing exotic crystalline fragments separating the upper two 
structural plates. Cowan and Miller (198D) discuss the Mesozoic defor­
mation of two areas in western Washington: the Navaho Divide fault zone
of the Ingalls ophielite and the Lopez fault zone on San Juan Island.
Their general model for deformation in those two areas is presented in 
Figure 63. Basically their model is one of numerous heterogeneous tec­
tonic fragments, juxtaposed by compressive forces at convergent plate 
boundaries and difficult to return to their original configuration. The 
two fault zones discussed are: 1) an area which consists of large tectonic 
fragments separated by smaller amounts of sheared matrix (Lopez fault 
zone) and 2) an area of smaller tectonic fragments surrounded by large 
amounts of anastomosing sheared matrix (Navaho Divide fault zone).
They suggest that the two areas are end members of a gradational deforma- 
tional style that is composed of fault bounded blocks with varying amounts 
of sheared anastomosing matrix surrounding them. This deformational 
style is very similiar to Misch's ( 1966) imbricate zone. This type of 
deformation is displayed throughout the foothills and islands of western 
Washington from a microscopic to megascopic level and is illustrated in 
Figure 64 and 65. Anastomosing faults separating tectonic fragments is
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ROCKY MTN.TYPE LOPEZ INGALLS
Figure 64 Deformational style of anastomosing faults and matrix around 
tectonic fragments, common in the foothills and islands of 
western Washington. Picture shows tectonic fragments of ultra- 
mafic rocks (urn) and dacite (d) in a sheared matrix (m) from 
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the predominant structure in the study area (see Plate 1 and 3). The 
area consists of large tectonic fragments separated by small amounts of 
matrix, although in certain portions of main fault zones (Bell Pass fault 
zone) the tectonic fragments decrease in size and the proportion of matrix 
increases (see Plate 1). Similiar deformational styles were observed in 
fault zones in the foothills of the North Cascades by Haugerud (1980, 
Figures 28 and 29), Rady (1980, Figure 6), Christenson (1980, Figure 24), 
Frasse (1981, Figure 29), Leiggi (thesis in progress), and Sevigny (thesis 
in progress).
In such a system of anastomosing faults and discontinuous tectonic 
fragments, the same units are not always juxtaposed along a single fault. 
As tectonic fragments pinch out, different units appear or become more 
abundant in a fault zone over the length of the fault zone. An excellent 
example of this is the Vedder Complex and Yellow Aster Complex of the 
Bell Pass fault zone (see Plate 1). Within the Bell Pass fault zone in 
the vicinity of Bell Pass and Park Butte, rocks of the Yellow Aster Com­
plex are predominant, and Vedder Complex rocks are in the minority. As 
the Bell Pass fault zone is traced to the northwest down Knocker Creek 
and Middle Fork Nooksack River to Wallace Creek, Yellow Aster Complex 
rocks decrease in abundance and Vedder Complex rocks increase. This 
relationship may represent fragmenting of larger tectonic fragments as 
they are emplaced. Another example is the Loomis Mountain tectonic block 
(consisting of Cultus Formation and Loomis Mountain dacite center) (see 
Plate 1). This fragment pinches out to the north along the western mar­
gin of the Bell Pass fault zone and is fragmented and tapered to the 
south in the vicinity of Tuckway Lake. The matrix surrounding the indi-
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vidual tectonic fragments usually consists of the more incompetent litho­
logies in the adjoining blocks.
A generalized map of the Twin Sisters Mountain region is presented 
as Plate 4. The map is a compilation of mapping by Misch (1977a), Rady 
(1980), Frasse (1981), and this work. It reveals the general structure 
of numerous tectonic fragments imbricated along low angle thrust faults. 
One main zone of movement has been mapped in the Park Butte-Loomis Moun­
tain area and is informally known as the Bell Pass fault zone. It is con­
tinuous with a similiar fault zone in the Groat Mountain area of Rady 
(1980). The fault is anticlinally folded about a northwest axis, best 
expressed by the mapping of Rady (1980) and Misch (1977a), to be discussed 
later. Two late, high angle faults modify the western margins of the Twin 
Sisters and Goat Mountain dunite bodies (the Hayden Creek and Hunter Creek 
faults, respectively).
The structure of the Park Butte-Loomis Mountain area is presented 
through a series of NE-SW cross-sections from north to south (Plate 3). 
Symbols and colors are keyed to the map (Plate 1). Symbols on the map 
and cross-sections represent outcrop localities. The deformational 
style of Cowan and Miller (198D) is used to diagramatically indicate 
the implied subsurface geology.
Cross-section A-A' through Bell Pass reveals the major structure of 
the area where the most stuctural control was obtained. The Twin Sisters 
Dunite located along the v/estern border of the study area is the largest 
tectonic fragment therein. The contact of the Twin Sisters Dunite is 
exposed between its serpentinite sheath and siltstone and graywacke of
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the Elbow Lake unit in three drainages along the northeastern margin. 
Where exposed the contact strikes north-northwest and dips between 45^ 
and 80^ to the southwest (Figure 66). Most of the trace of the Twin Sis 
ters Dunite contact is delineated by outcrop exposure between the serpen
tinite or dunite of the Twin Sisters Dunite and siltstone, ribbon chert,
* ★ ★
Figure 66 Twin Sisters Dunite contact between the serpentinized sheath 
(pTs) and graywacke of the Elbow Lake unit (J?E). (sample 
locality 91-133)
*
Figure 67 Eastern margin of the Twin Sisters Dunite, looking north up 
the South Fork Nooksack River valley.
★ ★
or volcanic rock of the Elbow Lake unit (see Plate 1 and Figure 67). Along 
the northeastern margin of the Twin Sisters Dunite, outcrop control demon­
strates a low angle contact (see Plate 1). A three point solution of the 
contact there yields a N20W strike and 28® southwesterly dip. As the contact 
is followed south, it becomes progress!vely steeper. The low angle contact 
along the northeastern margin may be part of the shallow basal fault of 
the Twin Sisters Dunite postulated by Thompson and Rob"inson ( 1975). A 
later high angle modification of a portion of the Twin Sisters Dunite 
contact is in evidence at Point A (see Plate 1) by a brecciated zona
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Figure 68 Breedated Twin Sisters Dunite near the contact possibly re­
presenting a later faulting event along the margin of the 
dunite body, (sample locality 91-464)
■k * *
of serpentinized dunite (Figure 68) and high angle shear zones. Such 
a steep modified contact may be similiar to those mapped by Frasse (1981) 
as the Hayden Creek and Hunter Creek faults along the western margins of 
the Twin Sisters and Goat Mountain dunite bodies, respectively. The ex­
tent to which high angle faulting has modified the eastern margin of the
/
Twin Sisters Dunite is not known, but evidence of brittle faulting was 
only observed at Point A. Another interpretation of the variance in dip 
of the contact of the Twin Sisters Dunite is that the body is lens-shaped 
so that the basal fault becomes steeper at the edge of the body to the 
southeast.
The Elbow Lake unit borders the Twin Sisters Dunite in the study 
area. As stated earlier, this unit is the most intensely deformed of the
%
metasedimentary units in the area. Bedding and foliation in the Elbow 
Lake unit strike N-NW and dip 20° to 80® to the. southwest, subparalleling 
the contact of the Twin Sisters Dunite. The Elbow Lake unit may be be­
having as the sheared matrix surrounding a tectonic fragment (Twin Sis­
ters Dunite). The Elbow Lake unit is represented as several tectonic 
fragments in the cross-sections (see Plate 3 ). The reason for this is 
threefold: 1) the more intense deformation in this unit makes it impos­
sible to define larger fragments, 2) where outcrop expression is avail­
able, such as some of the larger ribbon chert bodies, the form is len­
ticular, and 3) several (five) crystalline fragments of Yellow Aster Com­
plex and Vedder Complex are imbricated within this unit suggesting tec­
tonic mixing. These exotic crystalline slices delineate an approximately 
N20W fault zone. Control on this fault zone is limited, but suggests 
that the fault zone dips to the southwest sub-paralleling the Twin Sis­
ters Dunite contact. The fault zone does not maintain the same distance 
from the Twin Sisters Dunite contact and may even merge with the bounding 
fault of the Twin Sisters Dunite. This N20W fault zone reaches its maxi­
mum horizontal distance from the Twin Sisters Dunite contact of approxi­
mately 2000 feet near Elbow Lake; and its nearest approach is approximately 
500 feet in the drainage of Sister Creek (see Plate 1).
The Bell Pass fault zone borders the Elbow Lake unit in the northern 
portion of the field area. To the south, the Elbow Lake unit is bordered 
by the large Loomis Mountain tectonic block, which is interpreted as a 
large tectonic block within or bordering the Bell Pass fault zone. The 
Bell Pass fault zone is represented in the north as an intensely imbri­
cated zone of tectonic fragments of YACss, YAC, serpentinite, and Vedder
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Complex exposed at Bell Pass and the drainage of Knocker Creek. The 
fault zone trends N-NW and dips moderately to the southwest as delineated 
by the outcrop pattern. The fault zone is traceable down Knocker Creek 
and into the Middle Fork Nooksack River valley where it is coextensive 
with a fault zone mapped by Rady (1980) in the Groat Mountain area. In 
the southern Groat Mountain area, the fault zone is expressed by a large 
tectonic fragment of Vedder Complex epidote-amphibolite imbricated with 
Chilliwack Group (re-interpreted as Elbow Lake unit in this thesis, see 
Petrology/Petrography) and ultramafic rocks (serpentinite and dunite) 
Figure 69). This fault zone is structurally underlain by the Nooksack 
Group and structurally overlain by the Chilliwack Group (Elbow Lake unit, 
this thesis), see cross-section X-X', Figure 70, which is a slight modi­
fication of Rady's (1980) cross-section B-B' second alternative. In the 
north, near Lookout Mountain, the Bell Pass fault zone is represented by 
the melange zone of Rady (1980). The melange zone contains blocks of 
Vedder Complex, Yellow Aster Complex, metagraywacke, and ultramafic rock 
in a sheared anastomosing matrix. Near Lookout Mountain, the Chilliwack 
Group (Elbow Lake unit, this thesis) narrows and becomes imbricated frag­
ments in the extended Bell Pass fault zone (melange zone of Rady, 1980), 
which separates the Lookout Mountain phyllite from the Nooksack Group 
on the east slope of Lookout Mountain (Figure 70 , cross-section Y-Y'). 
Within the Groat Mountain area, the extended Bell Pass fault zone is anti- 
clinally folded along a plunging northwest axis, as delineated by out­
crop exposure (see Figure 70, cross-section Z-Z'). This fold was first 
indicated on a structural sketch map by Misch in the report by the Bech­
tel Corporation (1979), Figure 71. The phyllite on Lookout and Groat
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Figure 69 Geologic map of the Groat Mountain area (from Armstrong and 


















Figure 71 Structural sketch map of the geology of northwestern Washington 








Mountain is interpreted by Misch to be the Darrington phyllite and vol­
canic rock and ribbon chert as Chilliwack Group, making the thrust con­
tact between the two the Shuksan thrust. The trace of the Shuksan thrust 
as determined by Misch is folded into an anticline and two synclines near 
Lookout Mountain (Figure 71). These northwest plunging folds in the 
thrust contact corresponds to folds in the Chuckanut Formation (Figure 71) 
and so represent the Tertiary folding event of the North Cascades. The 
southern limb of the anticline is probably represented by the outcrop 
trace of the Bell Pass fault zone in the Park Butte-Loomis Mountain area. 
Whether or not the two synclines can be traced into the Park Butte-Loomis 
Mountain area only further mapping can prove.
Within Knocker Creek, the matrix of the Bell Pass fault zone appears 
to be serpentinite, but in the Groat Mountain area it may be Elbow Lake unit 
or possibly also serpentinite. One ribbon chert outcrop of the Elbow 
La|je unit is exposed in the Knocker Creek drainage; and one exposure 
of Mississippian limestone and siltstone of the Chilliv;ack Group is located 
on the western edge of the Bell Pass fault zone (see Plate 1). Whether 
these exposures represent tectonic fragments or part of the matrix of the 
fault zone is not known. Since the Bell Pass fault zone in this part of 
the map area consists of numerous tectonic fragments of varying lithologies 
and probably with varying types of matrix, it is distinguished with a 
separate color on Plate 1.
East of Bell Pass, the Bell Pass fault zone is subhorizontal, and 
its presence is represented by a large tectonic slice of YACss, inform­
ally known in this work as the Park Butte YACss slab. This slice is 
approximately 370 meters thick. The subhorizontal trace of the contact
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is constrained by outcrops of the YACss and Chilliwack Group (see Plate 
1). The Mississippian Red Mountain limestone (nomenclature of Monger, 
1966) is commonly found near the contact with the Park Butte YACss slab 
(see Plate 1 and Figure 72), as if this large fragment were thrust through 
the Chilliwack Group along the unconformity between the Red Mountain lime­
stone and the upper clastic sequence.
The homoclinal flattening of the Bell Pass fault zone in the north­
ern portion of the study area (see Plate 1 and 3 ), as stated earlier, 
probably represents the anticlinal fold of the thrust fault better ex­
posed near Lookout Mountain in the Groat Mountain area (Figures 69, 70, 
and 71). Part of this change in dip of the Bell Pass fault zone may be 
due to fragments bending (anastomosing) around the large Twin Sisters 
Dunite fragment.
* * *
Figure 72 Aerial view, looking northeast, of the Park Butte YACss slab 
contact with the Chilliwack Group. White outcrops are large 
Mississippian Red Mountain limestone.
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Based upon the folded thrust fault in the Groat Mountain area, the 
inferred contact between the Nooksack Group and the Chilliwack Group in 
the study area is drawn parallel to the Bell Pass fault zone. At no 
locality in the map area was the fault observed since glacial and vol­
canic deposits from the Deming Glacier and Mt. Baker cover most of the 
northwestern portion of the study area. In the Groat Mountain area, the 
extended Bell Pass fault zone becomes the major fault bounding the Nook- 
sack Group from the Elbow Lake unit (see Figure 69). Therefore the Chil­
liwack Group, which is east of the Bell Pass fault zone and borders the 
Nooksack Group in the study area, must pinch out toward the northwest into 
the Groat Mountain area. This is similiar to the Elbow Lake unit pinching 
out toward Lookout Mountain in the Groat Mountain area.
Exposure of the Nooksack Group in the study area consists of one 
large, continuous outcrop within the Deming glacial trough. This unit 
is folded with axes directed to the northwest (see Plate 1). Based on 
attitudes within the Nooksack Group in the Groat Mountain area (Rady, 1980, 
shown on Figure 69), a large anticline within the Nooksack Group corresponds 
to the northwest anticlinal fold in the thrust fault. Inspection of the 
more detailed thesis map (Rady, 1980, Plate 1) reveals a more chaotic 
array of attitudes within the Nooksack Group, but the possibility of an 
anticlinal fold is there.
The rest of section A-A' to the area near Dillard and Sulphur Ridges 
is a continuation of the Park Butte YACss slab. A small klippe of Chil­
liwack Group (?) is located at the convergence of Sulphur and Dillard 
Ridges. The reason for questioning whether this is Chilliwack Group stems
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from the isolated outcrops and poorly preserved nature of the rocks. 
Lithologies within the klippe consist of tuffaceous siltstone and amyg- 
daloidal basalt. Metamorphic mineral assemblages suggest assignment to 
the Chilliwack Group, but these rocks could be part of the Elbow Lake 
unit. The poor state of preservation of the rocks does not permit posi­
tive assignment to either unit.
Section B-B' traverses from the western margin of the Twin Sisters 
Dunite to South Fork Divide. The area west of the Twin Sisters Dunite 
was mapped by Frasse (1981). The Hayden Creek fault (informally named by 
Frasse, 1981) borders the western margin and has a movement indicative of 
"left lateral sense of strike-slip displacement and relative down drop­
ping of the northeastern block" (Frasse, 1981, p.52). A component of 
strike-slip displacement along the western margin of the Twin Sisters 
Dunite was also suggested by the petrofabric analysis of Levine (1981).
The Hayden Creek fault is interpreted as a late modifying fault. This 
faulting would be analogous (although on a much larger scale) to a 
similar high angle fault bordering the margin of a ribbon chert tectonic 
fragment shown in Figure 65, page 138. The development of the Hayden 
Creek fault may have been the result of the compressive forces causing 
the Tertiary folding of the foothills along a north-northwest axis in the 
North Cascades. The Twin Sisters Dunite, being a large competent rock 
body approximately 6000 feet thick within a more easily deformed sedimen­
tary imbricate zone, was probably not readily susceptible to folding.
The Twin Sisters Dunite probably tilted slightly to the west and developed 
high angle faults along its western margin and possibly part of the east­
ern margin. The westward tilting of the Twin Sisters Dunite was earlier 
hypothesized by Christensen (1971) in his seismic anisotropy work.
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The folding of the foliation in the Twin Sisters Dunite, shown dia- 
gramatically in this cross-section and the others, is based upon data 
from Hersch (1974) and Levine (1981). Their studies indicate that lay­
ering of chromite, harzburgite, and dunite (which may be transposed 
folds of primary cumulate layering) strikes north-northwest and dips 
steeply to the east near the eastern border of the dunite and becomes 
shallower in dip toward the west. Levine (1981) suggests that the shal­
lowing in dip represents motion of the Twin Sisters Dunite over a thrust 
fault.
The main structure exposed along this section line (B-B‘) is within 
the Loomis Mountain tectonic fragment, which consists of the Cultus For­
mation and the Loomis Mountain dacite center. The Cultus Formation is 
recumbently folded along a north-northeast trending axis. The section 
line is drawn along side of Fold Creek (see Plate I) where the best con­
trol of the structure in the Cultus Formation was obtained. Figure 73a 
and b reveal the major recumbent fold located on the western slopes of 
Loomis Mountain (see Plate I). The fold axis is located approximately 
on the map from aerial observation of where the fold cropped out on op­
posite sides of the ridge. The fractured, crumbly nature of the Cultus 
Formation and steep slopes prevented delineation of the fold in the field. 
This large recumbent fold is interpreted as evidence for the northwesterly 
direction of thrusting in the study area. Similar large recumbent folds 
of Permian limestone of the Chilliwack Group with northeast trending 
axes are mapped by Monger (1966) in the Chilliwack Valley, British Colum­
bia, and are used as evidence for the direction of thrusting there.
Two other folds are also observable near section B-B' in the Cultus
Figure 73a Recumbent fold in the Cultus Formation on Loomis Mountain, 
viewed from the southwest looking toward the northeast.
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Formation. A northeast plunging anticline is exposed in the South Fork 
Nooksack River valley. Dip slopes of this anticline are easily visible 
from the air and attitudes from exposures along Forest Service Road 3725 
allow further documentaion of the fold (see Plate 1). The other fold is 
an open syncline on the northern slope of Loomis Mountain near South Fork 
Divide. This fold was delineated by outcrop attitudes (see Plate 1) and is 
readily visible on air photographs. The axis of this fold was calculated 
by stereonet projection. As the axes of these folds are NE-SW and NE plunging, 
they are assumed to be from the same deformational event as the recumbent fold.
The Loomis Mountain dacite center is diagramatically drawn below the 
ground within section B-B'. No exposure of this relationship was visited 
along the section line, but that relationship is well-exposed elsewhere on 
Loomis Mountain (Figure 14, p. 34). The Loomis Mountain tectonic fragment 
is a large tectonic block in the Bell Pass fault zone and its eastern mar­
gin coincides with the west dipping trace of the Bell Pass fault zone. The 
presence of the fault zone was not observed directly, but is indicated by 
the development of a strong foliation in the Red Mountain limestone of the 
Chilliwack Group along the E-W trending ridge off South Fork Divide (see 
Plate 1, and Figure 8, p. 27). The subhorizontal portion of the Bell Pass 
fault zone is still expressed by the base of the Park Butte YACss slab. A 
window of Chilliwack Group is exposed between the two portions of the fault 
zone. A three point solution of the YACss slab's base at South Fork Divide 
indicates a N60W 6“NE dipping fault, assuming the fault is planar and not 
irregular. Good control on the trace of the Park Butte YACss slab is main­
tained by outcrop localities bounding the fault. The fault surface corre­
sponds to several prominent breaks in slope below Park Butte to South Fork 
Divide (see Plate 1). Tracing the fault to the northeast past Survey Point
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becomes difficult due to lack of outcrops, because of the extensive nature 
of the Quaternary glacial and volcanic deposits of Mt. Baker.
Section C-C is drawn through the southern portion of the Loomis 
Mountain tectonic fragment revealing its fractured nature toward the 
southern exposure. The Twin Sisters Dunite is bordered on the east by 
the Elbow Lake unit which is narrower in width than in the previous sec­
tions. Two exotic fragments of Yellow Aster Complex and Vedder Complex 
are located within the Elbow Lake unit along this section line. The 
anticlinal fold within the Cultus Formation is the southern extension of 
the one exposed in the South Fork Nooksack River valley (discussed pre­
viously) .
The southern ridge of Loomis Mountain was traversed via two creeks 
(Lamprophyre and Nettle Creeks, see Plate 1). The lower elevations of 
Lamprophyre Creek contain lithologies similar to the lower clastic se­
quence (B) of the Chilliwack Group (terminology this thesis) and are 
highly fractured. A subhorizontal fault zone with blocks of dacite 
crystal tuff and siltstone is located at an elevation of approximately 
3000 feet. Above this elevation begins a sequence of calcareous silt- 
stone and limestone containing numerous dacite volcanic clasts. This 
sequence is continuous to the upper slopes of Loomis Mountain where it 
grades into the typical siltstone of the Cultus Formation. In Nettle 
Creek, the creek bed is (where exposed) rock of the lower clastic se­
quence (B) and possibly (A). In the upper reaches of Nettle Creek is a 
sequence of interbedded Mississippian limestone and basaltic andesite 
identical to that above Blue Lake to the southeast. This outcrop is 
fractured and a series of subhorizontal anastomosing faults are visible
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(Figure 74). To the east of Nettle Creek are exposed some highly fractured 
outcrops of dacite crystal tuff (see Plate 1). In the drainage of Loomis 
Creek on the opposite side of this ridge are located several tectonic frag­
ments of Yellow Aster Complex (see Plate 1). The diversity of units along 
the southern ridge of Loomis Mountain suggests the presence of several tec­
tonic fragments which disrupt the larger Loomis Mountain tectonic fragment 
along a low angle, west dipping fault zone. From outcrop exposure of the 
Yellow Aster Complex in Loomis Creek and to the southeast near Tuckway Lake, 
it was determined by three point solution that these exotic slices define a 
fault plane that strikes N70W and dips 9^ to the southwest. Along Forest 
Service road 3725A, on the northern side of Loomis Creek, exposures of 
gabbros and basalts intruding the Loomis Mountain dacite center are highly 
fractured and sheared along numerous subhorizontal anastomosing faults.
This disruption is along the same plane as that defined by the YAC slices, 
and is the furthest extent to which the fault was traced along the north­
east ridge of Loomis Mountain. A prominent break in slope at approximately 
3500 feet around the northeastern ridge of Loomis Mountain may be further 
expression of this fault zone (see Plate 1 and 3, C-C), and is interpreted 
as the southern extension of the Bell Pass fault zone. Along section C-C, 
this fault zone has imbricated minor amounts of YAC, but has broken and 
fractured the large Loomis Mountain tectonic fragment, which is tapering 
toward its southern extent. The southern extension of the Cultus Formation 
is debateable. The Cultus Formation may continue across the Vianlick Creek 
drainage on to the western slope of Bob Knob, which unfortunately was not 
traversed by this author. A large cliff of what appears to be well-bedded 
siltstone is visible from the ground and the air. This outcrop is located 
on the map (see Plate 1), but no symbol is given to it as the outcrop was
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Figure 74 Anastomosing fractures (faults ?) within a sequence of limestone 
and basaltic andesite of the Chilliwack Group from the upper 
reaches of Nettle Creek, (sample locality 91-399)
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not visited. From a distance the outcrop appears to be very similiar to 
the Cultus Formation cliffs on Loomis Mountain. If the outcrop is indeed 
Cultus Formation, then this unit must extend up the western slope of Bob 
Knob and pinch out toward Goat Mountain (as delineated on Plate 1). Such 
an outcrop configuration is compatible with the rest of the mapping within 
the field area.
The southernmost cross-section, D-D', is drawn from the western side 
of Goat Mountain through Dock Butte and its associated ridge. The area 
west of Goat Mountain was mapped by Frasse (1981). The Hunter Creek fault 
(informally named by Frasse, 1981) is interpreted to be a high angle fault 
similiar and analogous to the Hayden Creek fault, which marks the western 
border of the Twin Sisters Dunite. The Shear Creek and Serpentinite Creek 
faults (informally named by Frasse, 1981) are interpreted as splays of the 
Hunter Creek fault. Offset along the Hunter Creek fault was interpreted 
by Frasse (1981, p. 46-47) to be both dip slip and strike slip on the 
basis of both subhorizontal and steeply plunging folds in the fault zone.
The eastern margin of the Goat Mountain dunite body is imbricated 
with at least two tectonic fragments of YAC along a low angle west dipping 
fault zone (see Plate 1). A three point solution for the Goat Mountain 
fault plane yields a N52W strike and a 15°SW dip. The intimate association 
of the dunite and the YAC along the same low angle west dipping fault sug­
gests that the two units were juxtaposed during the same faulting event. 
Such an intimate imbrication is similiar to that of the Bell Pass fault 
zone in Knocker Creek where ultramafic rock, Yellow Aster Complex, and 
Vedder Complex rocks are imbricated. Other slices of the YACss are as­
sociated along the eastern margin of the Goat Mountain dunite body west 
and south of Washington Monument (see Plate 1). The contacts of these
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tectonic fragments are not exposed, but they are assumed to lie along the 
same low angle fault zone. The YACss slices are structurally underlain and 
imbricated with large limestone lenses of the Red Mountain limestone of 
the Chilliwack Group, also reminiscent of the Bell Pass fault zone in the 
vicinity of Park Butte.
In Elk Creek, below Washington Monument, another tectonic fragment 
of the Red Mountain limestone is exposed faulted over a large graywacke- 
conglomerate unit of the lower clastic sequence (see Plate 1). The fault 
separating the two units is a N45W striking SO^SW dipping fault zone, within 
which si Its tone of the Chilliwack Group is folded along subhorizontal 
southeast axes. The siltstone is upgraded from type I and IIA, 10 meters 
away from the fault, to type IIB with pencil cleavage in the fault zone.
The graywacke-conglomerate unit appears to be fairly extensive as it is 
traceable down Elk Creek for several hundred feet and is exposed in drain­
ages entering Elk Creek to the east and along Forest Service Road 3770A 
(see Plate 1). This fault zone continues across the D-D' section line 
and is better delineated by a zone of mafic/ultramafic YAC (m/umYAC)
(Figure 75), Elbow Lake unit, and fragments of the Loomis Mountain dacite 
center (see Plate 1).
A large tectonic fragment of rocks of the lower clastic sequence (B) 
of the Chilliwack group is exposed in the vicinity of Dock Butte. It is 
informally known as the Dock Butte tectonic block. From the air and 
viewed from a distance, the northern slope of Dock Butte appears to be the 
dip slope of a syncline. Exposure along this slope is poor and so con­
firmation of the fold is not possible with the data at hand. The northern 
slope of Dock Butte is very similiar to the slope of the synclinally
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Figure 75 Tectonic fragments of gabbro of the m/umYAC (pDYm) in a matrix 
(m) of serpentinite along Forest Service Road 3770.
* * *
folded Cultus Formation on the northern slope of Loomis Mountain and pos­
sibly would have a similiar fold axis (see Plate 1). The Dock Butte tec­
tonic block is interpreted as a large fragment within the low angle, west 
dipping fault zone which includes the Goat Mountain dunite body and all the 
smaller tectonic fragments around Washington Monument and Tuckway Lake.
The base of the Dock Butte tectonic block is delineated by the exposure 
of the Elbow Lake unit, m/umYAC, and Loomis Mountain dacite center in
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the vicinity of Tuckway Lake and Blue Lake. To the southeast of Dock 
Butte the contact is exposed in a cliff (Point B on Plate 1) between 
tuffaceous siltstone of the lower clastic sequence (B) and highly frac­
tured dacite of the Loomis Mountain dacite center (Figure 76). The 
southern trace of the Dock Butte tectonic block is based upon slope 
breaks.
The Loomis Mountain dacite center rock is best exposed along this 
section line (D-D') in the vicinity of Tuckway Lake. This unit is frag­
mented and imbricated with m/umYAC, Elbow Lake unit, and Chilliwack 
Group along Forest Service road 3770. Since this unit is in fault con­
tact with adjacent units at this locality, outcrops of dacite of the 
Loomis Mountain dacite center within the Chilliwack to the south are 
also assumed to be fault bounded where the contacts are not exposed.
Figure 76 Thrust fault separating rocks of the lower clastic sequence 
(B) of the Chilliwack Gp. (uPC) in the Dock Butte tectonic
block from dacites of the Loomis Mountain dacite center
(Pm?-TrD). (Point B on Plate 1 )
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It is possible, owing to the age of the units, that some of the dacite may 
be intrusive into the Chilliwack Group.
As stated previously, several aspects of the fault zone along 
section D-D' are reminiscent of the Bell Pass fault zone. The fault 
zone along section D-D' is continuous with the one exposed in the drain­
age of Loomis Creek and on the southern ridge of Loomis Mountain. The 
fault zone along section D-D' is also interpreted as a southern exten­
sion of the Bell Pass fault zone. Therefore, the dominant structure 
of the Park Butte-Loomis Mountain area is one of a west dipping imbri­
cate zone with one main fault zone identifiable as an intense mixing of 
varied lithologic units (the Bell Pass fault zone). In the north, the 
imbricate zone is anticlinally folded with the southern limb being pre­
sent in the map area. Toward the south, the effects of folding diminish 
and a gentle westerly dip is all that is visible. The reason for the 
decrease in the dip of the southern limb of this folded imbricate zone 
may be the presence of the large Twin Sisters Dunite tectonic fragment 
to the west. The area behind this large tectonic fragment may not have 
undergone such intense folding as the area to the north around Groat 
Mountain. Superimposed on the folded imbricate zone are numerous moder­
ate to high angle faults.
As mentioned earlier, late, high angle faulting is common through­
out the field area. These high angle faults are typically planar, ex­
pressed by fault gouge and prominent trenches and notches. Most dip 
steeply between 45 to 90* with numerous different trends. Some of the 
faults may represent parallel fault sets. Loomis Mountain provides the 
best exposure of the most prominent set of parallel faults. The faults
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Figure 77 Loomis Mountain looking northv/est from Dock Butte. The stream (s) 
on the northeastern ridge contains a N50W 50®SW fault which is 
one of a possible set of parallel faults cross-cutting the 
Loomis Mountain tectonic block. The prominent notch in Loomis 
Mountain is probable the result of another NW trending fault.
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trend northwest and dip between 45*- 60* to the southwest. The prominent 
notch at the crest of Loomis Mountain is probably due to one of these 
faults, but since the notch is covered with talus no exposure of it was 
found. Other prominent notches and trenches on Loomis Mountain do ex­
pose the faults, such as the well exposed fault east of the crest of 
Loomis Mountain (Figure 77). Where possible to determine, motion is of 
a normal sense with offset ranging from centimeters to possibly 50 to 
100 meters. The high angle faults of Loomis Mountain and elsewhere were 
not traced for much distance, but are believed to be traceable with more 
mapping. ' In the vicinity of Bell Pass, one northwest trending 50®SW 
dipping fault offsets the YAC-Chi11iwack Group contact (see Plate 1).
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This offset of the low angle structures indicates the faulting is post- 
thrusting (i.e. post mid-Cretaceous). Perhaps some of these late faults 
may be related to the Tertiary folding event.
Frasse (1981) noted the northwest trending Middle Fork Nooksack 
River valley lineament and suggested the possibility of a major strike- 
slip fault therein. The Middle Fork Nooksack River valley aligns with 
the Sulphur-Rocky Creek drainages to the east with Park Butte separating 
the two drainages (see Plate 1 ). The Park Butte YACss slab occupies the 
drainage divide and no major offset was observed in the low angle basal 
fault of the slab. From aerial photographs, a series of northwest trend­
ing notches and trenches in the Park Butte YACss slab is visible (see 
Plate land Figure 78). In the Middle Fork Nooksack River valley a 
possible trench in a Recent mudflow was observed from aerial photographs, 
also with a northwest trend. In the Sulphur-Rocky Creek portion of the
* * *
Figure 78 Prominent trench (snow packed) in the Park Butte YACss slab.
166
lineament is a Recent cinder cone from Mt. Baker. So several lines of 
geomorphic evidence suggest the possibility of a major fracture system 
existing in the Middle Fork Nooksack River/Sulphur-Rocky Creek valleys. 
Since no major motion can be shown to exist along the fracture system, 
the possibility of a major strike-slip fault occupying this valley is 
precluded. Such major fractures or joints may be similiar to prominent 
joints mapped by Misch (1979c).
In conclusion, the structure of the Park Butte-Loomis Mountain area 
is dominated by a low angle, west dipping imbricate zone consisting of 
several varied tectonic fragments juxtaposed along anastomosing thrust 
faults. The study area is interpreted as the mid-Cretaceous imbricate 
zone of Misch (1966). The imbricate zone is slightly folded along a 
northwest axis in the study area, as proposed by Misch in the 1979 Bech­
tel Report (Figure 71, p, 148). Misch (1966, 1977a) assigned the area to 
the Church Mountain thrust plate. My mapping suggests the area consists 
entirely of imbricated tectonic fragments, of which the Chilliwack Group 
comprises approximately a third of the total area. The Church Mountain 
thrust plate may exist to the north at Church Mountain (Jones, thesis in 
progress) or north of the border in the Chilliwack Valley where Monger 
(1966) has mapped several large thrust sheets of Chilliwack Group. The 
structure of the imbricate zone in the area is very similar to the de- 
formational style proposed by Cowan and Miller (1981), Figure 63, p. 137. 
Late (post mid-Cretaceous) high angle modifying faults are common through­
out the area. The amount of deformation attributable to them is not 
known, but appears to be minor. The major lineament of the Middle 
Fork Nooksack River valley and Sulphur-Rocky Creeks valley may represent 
a major fracture (joint) system in the area.
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IV. DISCUSSION OF THE EMPLACEMENT OF THE TWIN SISTERS DUNITE
Four hypotheses have been put forward to explain the emplacement of 
the Twin Sisters Dunite in recent years. Ragan (1961, 1963, 1967) sug­
gested that it was emplaced by vertical, piston-like, cold tectonic intru­
sion through overlying thrust sheets. Misch (1966) and Christensen (1971) 
postulated that the Twin Sisters Dunite was imbricated along the Shuksan 
thrust in the same manner as the Yellow Aster Complex. Whetten and others 
(1980) suggested the Twin Sisters and Goat Mountain dunite bodies, as well 
as other mafic and ultramafic rocks in the vicinity, correlate with mafic 
and ultramafic rocks of the Haystack thrust plate (Figure 79), which they 
proposed lies on top of the Shuksan and Church Mountain thrust sheets of 
Misch (1966). Vance and others (1980) proposed that the Twin Sisters and 
Goat Mountain dunite bodies and many of the rocks in the Haystack thrust 
plate of Whetten and others (1980) represent an obducted ophiolite. The 
Jurassic ophiolite is inferred to represent a small ocean basin which was 
closed prior to the mid-Cretaceous thrusting event of Misch (1966), and 
the oceanic rocks were then incorporated within the thrust sequence.
The results of the present study do not support the emplacement 
hypotheses of Ragan (1961, 1963, 1967) or Whetten and others (1980). They 
do support the hypothesis of Misch (1966) and Christensen (1971) for em­
placement of the Twin Sisters Dunite along the Shuksan thrust or at least 
as a fragment imbricated within the broad deformation zone which outside 
of the study area involves the Shuksan Suite. Mapping does not disprove 
the possibility that the Twin Sisters and Goat Mountain dunite bodies 
and the Elbow Lake-Haystack Mountain unit may have been obducted to the
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Figure 79 Map of the exposure of the Haystack thrust plate of Whetten 
and others (1980).
* * * 
north prior to the main thrusting event as suggested by Vance and others 
(1980). Mapping in this area records only the last major deformation of 
what is a complex structural history. Major juxtaposition of units prior 
to mid-Cretaceous thrusting remains a possibility.
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V. SUMMARY AND CONCLUSIONS
Mappable units in the Park Butte-Loomis Mountain area are distin- 
quished on the basis of age, lithologic association, structural position, 
and metamorphic recrystallization. There are four different volcanic/ 
volcaniclastic units and at least three exotic crystalline units, all of 
which are juxtaposed along anastomosing, low angle, west dipping faults.
The Chilliwack Group in the area is represented by the lower clastic 
sequence. Red Mountain limestone, and minor amounts of upper clastic se­
quence (nomenclature of Monger, 1966). The lower clastic sequence is sub­
divided in this area into a lower (A) and an upper (B) subunit using a 
pumiceous pyroclastic flow as a stratigraphic divider. The age of the 
Chilliwack Group in the area is Carboniferous based on fossil evidence, 
stratigraphy established in the area, and the age relationships deter­
mined for the Chilliwack Group by Danner (1957, 1966) and Liszak (1982). 
Stratigraphy, geochemistry, point count data on sandstone, and composition 
of magmatic clinopyroxene suggest a volcanic arc environment of deposition 
of the Chilliwack Group.
The Loomis Mountain dacite center consists mainly of dacite flows 
and tuffs which are in part subaerial. The dacite tuffs and flows are 
interbedded with a sequence of calcareous siltstone and limestone. Fos­
sils from the base of one of these flows in the upper portion of the unit 
are Triassic in age. The Permian volcanic sequence of the Chilliwack 
Group is the only other reported large volcanic sequence of similiar age 
in the foothills of the North Cascades. Volcanic rocks of Triassic age 
are reported from Vancouver Island and the eastern side of the Cascades
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(Monger, 1966). The sedimentary rocks with which the dacite volcanic 
center is interbedded are considered to be part of the Cultus Formation, 
based upon the age and lithologic similarity. The Cultus Formation un- 
conformably overlies the Permian volcanic sequence in the Chilliwack 
Valley, British Columbia (Monger, 1966). The erosional event that oc­
curred to the north may not have been as extensive in the south, and 
volcanism may have continued into the Triassic and been preserved as the 
Loomis Mountain dacite center. The depositional environment represented 
by the Cultus Formation and the dacite volcanic center is that of a vol­
canic arc, similar to and possibly a continuation of the Chilliwack Group 
volcanic arc.
The Elbow Lake unit is the third volcanic/volcaniclastic unit in the 
area. It comprises a structural unit which borders the eastern, north­
ern, and southern margins of the Twin Sisters Dunite, and also occurs 
as smaller tectonic fragments within the study area. The Elbow Lake 
unit was originally mapped as Chilliwack Group (Misch, 1966, 1977a; Ragan, 
1961-, Rady, 1980-, and Frasse, 1981), but it is distinguished from the 
Chilliwack Group in this study based upon: 1) difference in lithologic 
associations (total lack of limestone and presence of ribbon chert and 
titanaugite(salite)-bearing volcanic rocks), 2) the degree of deformation, 
and 3) difference in metamorphic recrystallization. Based upon the 
presence of similar titanaugite(salite)-bearing volcanic rocks, related 
lithologies, and metamorphic recrystallization, this unit is correlated 
with rocks of the Haystack Mountain unit (Cruver, thesis in progress), 
rocks north of Baker Lake (Leiggi, thesis in progress), and a continua­
tion of those same rocks south of Baker Lake (Brown, personal communica-
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tion, 1982). This unit appears to occupy the uppermost structural posi­
tion within the imbricate zone: that is it lies generally just below the 
Shuksan thrust. In the Haystack Mountain area, Cruver (thesis in progress) 
considers the age of the Haystack Mountain unit to be Jurassic based on 
work by Whetten and others (1980). Misch (personal communication, 1983) 
believes the ribbon chert and basalt sequences to be of a probable Permian 
age, and represent a deepAwater facies of the Chilliwack Group. Geochemi*-, 
cal data (Cruver, thesis in progress) suggests that the Haystack Mountain 
unit was deposited in the early stages of back-arc basin development.
The youngest volcaniclastic unit in the area is the Jurassic Nooksack 
Group. This unit consists of one large outcrop of volcaniclastic siltstone 
and minor sandstone in the Deming glacial trough. Sondergaard (1979) sug­
gests that the Nooksack Group was deposited as submarine fans along the 
flank of a volcanic arc in either a fore-arc basin or marginal basin be­
hind the arc.
Exotic crystalline fragments consist of Yellow Aster Complex, Vedder 
Complex, and ultramafic rock (including the Twin Sisters and Goat Mountain 
dunite bodies). The Yellow Aster Complex is subdivided in this study into 
two units: Yellow Aster Complex sensu stricto (YACss) and mafic/ultramafic 
Yellow Aster Complex (m/umYAC). The YACss consists of felsic pyroxene 
gneiss and related intrusives that crop out at Park Butte, Bell Pass, 
Knocker Creek, near Washington Monument, and possibly Loomis Creek. It is 
correlated with the Yellow Aster Complex at Yellow Aster Meadows based 
upon the similiar lithologies. The pyroxene gneiss at Yellow Aster Mea­
dows has been dated by Mattinson (1972) as Precambrian with a later am­
phibolite facies metamorphic overprint of Silurian age. It is intruded
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by a quartz diorite gneiss which has a Silurian crystallization age and a 
possible 90 ma low grade metamorphic age. The gneissic intrusions are 
interpreted as late syntectonic intrusions associated with the Silurian 
metamorphic event. A later non-gneissic intrusive phase is also recorded 
in the Yellow Aster Complex at Yellow Aster Meadows. The age of these 
non-gnesissic intrusives is not known. This intrusive phase dominates 
in the large Park Butte YACss slab. Geochemistry of the non-gneissic in­
trusions suggests a volcanic arc environment of intrusion. Geochemical 
analysis of mainly the gneissic varieties of the Yellow Aster Complex led 
Misch and Babcock (1982) to suggest that the Yellow Aster Complex repre­
sents a dismembered continental margin magmatic arc or a very mature island 
arc system.
The m/umYAC consists of tectonic fragments of gabbro, cumulate gab- 
bro, and pyroxenite which crops out near Tuckway Lake. The m/umYAC occurs 
as separate tectonic fragments and contains lithologies which were not 
observed in the Park Butte YACss slab. The m/umYAC may represent a sepa­
rate unit from the YACss, or possibly the structurally lower portion of 
the Yellow Aster Complex at Yellow Aster Meadows (Sevigny, personal com­
munication, 1982). Several other tectonic fragments of YAC crop out in 
the field area. Definite assignmnent of these individual slices to the 
YACss or m/umYAC is not possible due to limited outcrop exposure. Some 
of these slices may even be unrelated to the YACss or m/umYAC.
The Vedder Complex consists of eight tectonic fragments of amphi- 
bole schist; the vast majority of which are located in the Knocker Creek 
portion of the Bell Pass fault zone. Radiometric dating by Armstrong 
and others (in press) indicates a Permo-Triassic metamorphic age for the
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Vedder Complex in the nearby Groat Mountain area (Rady, 1980). The Ved- 
der Complex fragments in Knocker Creek are a continuation of a series of 
fragments which extend to the large fragment at the confluence of Wallace 
Creek in the Groat Mountain area (Rady, 1980). Vedder Complex fragments 
were also found by Frasse (1981) northwest of the Twin Sisters Dunite.
The large Twin Sisters and Goat Mountain dunite bodies are consider­
ed to be exotic fragments imbricated in the field area with the other 
fault bounded units of this study. Previous workers have identified sever­
al stages of mantle deformation and recrystallization (Ragan, 1961, 1963, 
1967; Onyeagocha, 1973, 1978). Smaller fragments of serpentinite and 
serpentinized harzburgite are imbricated with the Yellow Aster Complex 
and the Vedder Complex in the Knocker Creek portion of the Bell Pass 
fault zone.
The exotic tectonic fragments delineate the major structure in the 
map area, a subhorizontal to west dipping anastomosing system of faults.
This structure appears to correspond to the mid-Cretaceous imbricate zone 
of Misch (1966). The area was previously mapped by Misch (1966, 1977a) as 
the Church Mountain thrust plate (Chilliwack Group) with crystalline frag­
ments of the Twin Sisters Dunite and Yellow Aster Complex. While the Chilli­
wack Group is present in the study area, it does not comprise a single 
solid, coherent thrust sheet. Rather it consists of fragments imbricated 
along with the other units. The imbricate zone changes dip from approxi­
mately horizontal in the central and northeastern portion of the map area 
to southwesterly dipping towards the Twin Sisters Dunite to the west.
This change in dip of the fault zone suggests it is anticlinally folded 
along a NW-SE axis. Better documentation of this folding is observable 
in the mapping of Misch (1966, 1977a, and 1979 in the Bechtel Report)
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and Rady (1980) in the Groat Mountain area to the northwest. The direc­
tion of thrusting is suggested to be in a NW-SE or E-W sense based upon 
orientation of the large recumbent fold in the Cultus Formation on the 
western slopes of Loomis Mountain. Similiar large recumbent folds in 
Permian Limestone of the Chilliwack Group were mapped by Monger (1966) 
in the Chilliwack Valley, British Columbia and used as indicators for 
the direction of thrusting there.
Following the mid-Cretaceous thrusting event, the Park Butte-Loomis 
Mountain area underwent a high angle faulting event(s) of relatively 
minor displacement. These faults have numerous trends, but one main set 
trends NW-SE and is best expressed on Loomis Mountain. This set of 
faults or fractures (as several appear to have no offset or only centi­
meters of offset) may be related to the Tertiary folding. The high angle 
modifying faults along the western margin of the Twin Sisters and Goat 
Mountain dunite bodies may also be related to the Tertiary folding event. 
The major NW-SE lineament of the Middle Fork Nooksack River valley and 
Sulphur-Rocky Creek valley is suggestive of a major fracture zone. Linear 
trenches and notches in the Park Butte YACss slab are parallel with this 
lineament. However, no major offset of the Park Butte YACss slab is dis-
cernable.
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VI. SUGGESTIONS FOR FURTHER WORK
This study was undertaken with the expectation that it would provide 
the base upon which more detail may be added. The most important study 
needed is the mapping of the strip of land between this study area and 
the Mt. Shuksan area of Leiggi (thesis in progress). Misch (1966) 
suggests that the thrust faults of the foothills of the North Cascades 
are anticlinally folded. Mapping in the Mt. Shuksan area indicates an 
imbricate zone of anastomosing gently east dipping faults. Mapping in 
this area indicates a west dipping anastomosing imbricate zone. Exotic 
fragments in both areas delineate major movement zones. A mapping pro­
ject joining the two areas should examine whether these zones of tectonic 
fragments are continuous. The mapping should include Dillard Ridge, 
Sulphur Ridge, and Forest Divide in the northeast corner of this map 
area. This mapping is needed to better document the trace of the Park 
Butte YACss slab toward the northeast.
Further mapping is needed along the eastern margin of the study area 
from Grandy Ridge to the Sulphur-Rocky Creek drainage. The eastern slope 
of the Grandy Creek-Baker River drainage contains two prominent breaks 
in slope which probably correspond to major thrust planes. On Grandy 
Ridge and Scott Ridge (southeast portion of the proposed area), the 
Chilliwack Group consists of fairly large coherent tectonic fragments.
A stratigraphy of the lower clastic sequence is probably attainable for 
this area at those locations. The logging roads and many small streams 
draining this ridge would allow good control on the stratigraphy and
structure.
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Several questions remain unanswered for the Chilliwack group. An 
in-depth comparison of the Chilliwack Group from previously mapped areas 
and the present thesis area would be useful to attempt to establish a 
stratigraphy between the various areas. This study would need to include 
a detailed sampling in the type area and comparison of those rocks and their 
stratigraphic relationships to the Chilliwack Group south of the border.
With a study of selected sequences from known localities and additional 
fossil evidence of age, it may be possible to establish a more detailed 
stratigraphy or continue the established stratigraphy south of the border. 
This study may solve the riddle of the lack of Permian limestones south 
of the North Fork Nooksack River.
Another study of the Chilliwack Group that needs to be dealt with is 
the geochemical signature of the volcanic rocks. From preliminary geo­
chemical results of Monger (1977), Christenson (1981), and Blackwell (this 
study), it appears that the Chilliwack Group may represent a bimodal suite 
of rocks which show an increasing calc-alkalic trend toward the north.
This study should examine the major and trace element chemistry of the 
Chilliwack Group volcanic rocks from Sauk Mountain to the Chilliwack 
Valley, British Columbia, paying particular attention to volcanic rocks 
with reliable stratigraphic relationships.
More work is needed on the Loomis Mountain tectonic fragment. A 
structural and petrologic study of the Cultus Formation and Loomis Moun­
tain dacite center would provide insight into deformation within the im­
bricate zone. Mapping of the western slope of Bob Knob should be included 
in this study, as Cultus Formation rocks may be exposed there. Further 
mapping along the southern ridge of Loomis Mountain is needed to substan-
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tiate the relationship of the Loomis Mountain dacite center to the Chilli­
wack Group. At all observed localities this contact is tectonic, however, 
along this ridge it is questionably unconformable. A point count analysis 
of sandstone of the Cultus Formation on Loomis Mountain and in the Chilli­
wack Valley, British Columbia would be useful to see if a distinction be­
tween this unit, the Chilliwack Group, and Elbow Lake-Haystack Mountain 
unit can be made. Further age determination from fossils is possible 
for the Cultus Formation.
A detailed study of the Elbow Lake-Haystack Mountain unit is needed. 
An important part of this study would be the sampling of siltstone and 
ribbon chert for fossil age determination. Reliable age dates are essen­
tial to relate this unit to other units in the North Cascades. Part of 
this study should include major and trace element chemical analyses of 
the volcanic rocks. Such a study would better define the Elbow Lake-Hay­
stack Mountain unit's tectonic setting and could be used for comparison 
with the Chilliwack Group. This study should ultimately attempt to de­
lineate the Elbow Lake-Haystack Mountain units relation to other rock 
units (Chilliwack Group, Cretaceous phyllite of Frasse (1981), and Hoza- 
meen Group) in the North Cascades. Misch (personal communication, 1983) 
suggests the ribbon chert and related basalt unit is a deetf^water facies 
equivalent of the Chilliwack Group. Frasse (1981) and Brown (personal 
communication, 1982) observed titanaugite-bearing basalt intercalated 
with Cretaceous phyllite on Mt. Josephine and Mt Lyman, respectively; 
which suggests some type of relationship to that unit. A similiar unit 
to the Elbow Lake-Haystack Mountain unit, the Hozameen Group, consists 
of phyllite, ribbon chert, and greenstone which crop out as a narrow
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belt east of the North Cascade crystalline core (Misch, 1966). Daly (1912) 
suggested a questionable Carboniferous age for this unit, while Misch 
(1952) assigned a probable Permian age. Recent work by Haugerud (person­
al communication, 1983) has determined a Permian age for radiolaria on 
Crater Mountain for part of the Hozameen Group. Haugerud and Potter (per­
sonal communication, 1983) suggest that the Hozameen Group is correlative 
to the Bridge River Group north of the border in Canada. The age of the 
Bridge River Group from fossil evidence is mid-Jurassic, but may extend 
into the Permian based on a questionable intrusive body. It is possible 
that the Elbow Lake-Haystack Mountain unit (west of the crystalline core) 
is correlative to the Hozameen-Bridge River Group (east of the crystalline 
core). From the ages of the Hozameen-Bridge River Group (Permian to mid- 
Jurassic), it is possible that this unit, if correlative to the Elbow 
Lake-Haystack Mountain unit, could be in part a facies equivalent to the 
Chilliwack group.
A study of the internal structure of the Park Butte YACss slab and 
a field and petrographic comparison to the YAC at Yellow Aster Meadows 
is suggested. The internal structure of the Park Butte YACss slab is 
best exposed in a roadcut along Forest Service road 372A and in the cir­
ques around Park Butte. A traverse up the linear trench west of Park 
Butte would allow a complete cross-section through the Park Butte YACss 
slab. A trace and major element geochemical study of the YAC rocks and 
possibly age dating of the non-gneissic intrusions would allow further 
delineation of the tectonic setting of the YAC. The study could also 
involve investigation of the Middle Fork Nooksack River valley and Sul­
phur-Rocky Creek lineament where it cuts the Park Butte YACss slab.
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The Twin Sisters Dunite has been the subject of numerous studies.
I suggest that the internal structure of the Twin Sisters Dunite should 
be studied in further detail. The metamorphic foliation in the Twin Sis­
ters Dunite is of mantle origin (Ragan, 1961, 1963, 1967; Onyeagocha, 
1973, 1978). The Twin Sisters Dunite may be part of a Jurassic ophiolite 
which has been obducted to the north and then incorporated in east-west 
mid-Cretaceous thrusting (Vance and others, 1980). A study of the de­
formation of the mantle origin internal structure should be able to de­
cipher whether the Twin Sisters Dunite has undergone two phases of crus­
tal deformation as Vance and others (1980) suggest.
A study of the Tertiary (?) lamprophyre dikes in the North Cascades 
would be interesting. Petrographically, they are the most interesting 
rocks in the study area. A study of the dikes should include sampling, 
petrography, geochemistry, and age dating of this group of rocks from 
the known locations in the foothills.
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V Tu- vitric tuff 
XI Tu- crystal tuff 
And-^ andesite 
BAn- basaltic andesite 
Ba- basalt 
Dia- diabase
uPCs- Chilliwack Group 
sedimentary rocks
SI- siltstone 




uPCl- Chilliwack Group 
1 imestone
Is- limestone
Pm-TrD- Loomis Mountain 
dacite center
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G Gn- garnet-pyroxene gneiss
Act Gn- actinolite gneiss
F Gn- felsic gneiss
Gr- granite
Q Dio- quartz diorite
And- andesite
Ba- basalt
Ba P- basalt porphyry 
Gab/Dio- gabbro/diorite 
Gab- Gabbro
F Gab- foliated gabbro 




Cat- cataclastite or cataclastic
PmV- Vedder Complex
Amph S- amphibole schist 
Pel S- pelitic schist
pTs- Serpentinite
Serp- serpentinite 
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Chilliwack Group volcanic rocks 
Loomis Mountain dacite center 
Elbow Lake unit volcanic rocks 
mafic/ultramafic Yellow Aster Complex 
greenschist facies intrusives of the 
Yellow Aster Complex sensu stricto 
lamprophyric intrusives
Normative Minerals
Qz - quartz 
Ab - albite 
An - anorthite 
Or - orthoclase 
Ne - nepheline
C - corundum 
Ns - metftsi licotc
Ac - acmite 
Lc - leuci+c
Mt - magnetite
II - ilmenite 
Di - diopside 
Hy - hypersthene 
01 - olivine
Table 8 Analytical uncertainty for chemical analyses of igneous









1 0 ro - + 0.08
MnO - + 0.002
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APPENDIX 3
Analysis of Bentonite 
from the
lower clastic sequence A 
of the Chilliwack Group 
from the Loomis Creek drainage
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Dr. Dave Pevear interested me in bentonite one afternoon after he had 
been informed of the existence of such material in my study area by Roger 
Nichols of the U.S.F.S.. The enthusiasm of Dr. Pevear led to a study of 
the structural and chemical composition of the bentonite by Bob Brown and 
myself. The x-ray and structural analysis on the bentonite was performed 
by Bob Brown and is summarized here from a report prepared by Bob Brown for 
Dave Pevear.
Altered volcanic ash layers (hereafter known as bentonites) are found 
throughout the lower clastic sequence of the Chilliwack Group in the study 
area. The best and most easily accessible exposure of bentonite is a road 
cut in the Loomis Creek drainage (see Plate 1 and 2, sample localities 
91-234-237). The ash layers are interbedded with shale, siltstone, and
fine to medium grained volcaniclastic sandstones (Figures 80 and 81). Ash 
layers are generally a light gray color and weather easily due to their 
highly altered (clay-rich) condition. The ash layers are both vitric tuffs 
and crystal tuffs. The vitric tuffs are thinner than the crystal tuffs 
and may represent single air fall deposits that settled out in an aqueous 
environment. Some of the crystal tuffs are lens-shaped suggesting that 
they may be channel deposits.
Samples were collected from the Loomis Creek outcrop during the Spring 
of 1981. Their locations are shown on the generalized stratigraphic column 
(Figure 81). Two ash layers were competent enough for thin section prepara­
tion. Sample 91-234 (CB-3) is of a 3-5 mm. l<yer of vitric tuff interbedded 
with black shale. The tuff is completely altered to clay minerals contain­
ing minor amounts of quartz crystal fragments and possible glass shard ghosts. 
The adjoining black shale contains better preserved altered glass shards.
Figure 80 Loomis Creek bentonite outcrop. Vitric and crystal tuffs
(light colored layers) interbedded in a shale, siltstone, and 
fine to medium grained sandstone sequence of the lower clastic 
sequence A. (sample locality 91-234)
* * *
Sample 91-235 (CB-4) is a crystal tuff, 20-30 mm thick, consisting of re­
lict plagioclase crystal fragments (70%), quartz crystal fragments (5%), 
and interstitial altered glass (?) (25%). The tuff is highly altered with 
the plagioclase reacted to clay and carbonate and the glass (?) totally 
altered to clay.
Bob Brown examined the clay sized fractions (<2um) by X-ray diffrac­
tion techniques employing a GE XRD-5 using Ni-filtered CuK*< radiation
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Figure 81 Generalized stratigraphic 











and a scanning rate of 2‘*207minute. Clay fractions were obtained by dis- 
aggregation in distilled water using an ultrasonic disaggregator. The 
<2um fraction was obtained centrifugally, using the times and speed sug­
gested by Jackson (1974). The suspended clays were then sucked through 
porous clay tiles to produce oriented mounts which were scanned from 2" 
to 35* 2.9 under the following conditions: 1) air-dry, untreated, 2) satur­
ation with ethylene glycol, and 3) heating to 300*^0 and 550®C for a mini­
mum of one hour.
X-ray patterns for sample CB-9 are presented in Figures 82a-d. The
27.58 A peak on the pattern from the air-dry sample (Figure 82a) which
increases to 33.9 A with glycol is a superlattice reflection indicating
ordered interstratification with an expandable phase. Though the peaks 
are broad, they are fairly well defined. The broadness of the peaks may 
be due to: 1) different amounts of mixed layering, 2) different degrees 
of crystallinity (thickness of domains), 3) compositional variation, or 
4) ordering variations. These peaks, 27.58 A on the air-dry pattern, and
33.9 A on the glycolated pattern, collapse to approximately 10 A upon heat­
ing to 550*C (Figure 82d). This information along with the fact that the 
11.4 A peak (Figure 82a) splits into two discrete peaks with glycolation,
13.58 A and 9.4 A (Figure 82b), indicates a regularly interstratified,
I-S, R=1 (rectorite) ordered, illite/smectite. This data suggests this
mineral to be somewhere around 60-65% illite (Reynolds and Hower, 1970).
The uncertainty is due to the difficulty in determining the exact position 
of maximum peak intensity. Also apparent on the X-ray patterns is the 
presence of chlorite as indicated by the 7.25 A peak (Figure 82a) and the 
14.2 A peak on the 550®C pattern (Figure 82d). Part of these peaks may
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Figure 82b Ethylene glycolated pattern for the Loomis Creek bentonite 
sample CB-9. Above the X-ray pattern is a best fit computer 
synthesized pattern for the bentonite. ^
1
Figure 82c X-ray pattern for the Loomis Creek bentonite following heat­
ing of the sample to 300“C for no less than one hour » sample 
CB-9
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Figure 82d X-ray pattern for the Loomis Creek bentonite after heating 
of the sample at 550®C for no less than one hour, sample 
CB-9.
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be due to the presence of kaolinite. No chlorite was visible in the tuff 
thin sections, but it is a common mineral in the siltstone and sandstone 
of the Chilliwack Group.
Plotted on the glycolated X-ray pattern (Figure 82b) is the best fit­
ting computer synthesized X-ray pattern. This best fit pattern for the 
mixed-layer clay was obtained using a dioctahedral mica-smectite format 
with 0.02 wt. % Fe, 0.7 wt. % K, regular interstratification, 65% illite, 
crystal multiplyer (Lorenz factor), and a low to high N (crystallite thick­
ness) of 4 to 8 with a five value distribution of 1-2-3-2-1. Unfortunately, 
the computer program used to generate this pattern was not operational af­
ter atomic absorption analysis of the bentonite was completed. It probably 
would have been possible to generate a pattern which more closely resembled 
the actual X-ray diffraction pattern had the program been operational at 
this later date.
Sample 91-235 (CB-4) was analyzed by atomic absorption spectrophoto­
metry at W.W.U. for its major element geochemistry. The clay-sized (<2um) 
fraction was analyzed using conventional fusion and dilution procedures 
with international and W.W.U. standards for calibration. Results of the 
analysis, standards used, and analytical uncertainties for the data are 
located in Table 11. The weight percent oxides compare favorably with 
analyses of Na-rectorites determined by Inoue, and others (1978) when 
allowances are made for kaolinite, which was not removed before analysis.
The following structural formula based on the analytical results was 
calculated for sample 91-235 (CB-4):




The above formula is similiar to a Na-smectite, except for the high layer 
charge which is close to that for a rectorite. Bob Brown suggests that 
the bentonite was originally a Na-smectite which altered during 
diagenesis or metamorphism, virtually isochemically, to Na-rectorite.
The data suggests the bentonite formed by the alteration of a glassy 
felsic tephra. The high Na indicates that this alteration may have pro­
ceeded under marine conditions, since Na is approximately 30 times as 
abundant in seawater as K, The stratigraphy and depositional style of the 
outcrop do not preclude a possible submarine alteration. The proposed 
reaction for the alteration is as follows:
Volcanic glass-^Na-smectite-^Na-rectorite + chlorite + quartz 
This is similiar to the type of reaction proposed by Hoffman and Hower 
(1979) for the development of a K-rectorite, where K concentration is 
somewhat limited. The reaction to form K-rectorite has been observed to 
occur at temperatures 300®C in experimental work by Eberl and Hower (1977). 
The temperature of metamorphism of the Chilliwack Group determined in 
this study is approximately 250®C, which suggests possibly a similiar 
temperature of formation for the. Na-rectorite.
Dr. Pevear suggests alternatively that the Na may have entered the 
clay only during metamorphism. He suggests the following reaction for 
formation of the Na-rectorite during metamofphism:
volcanic glassNa-smectite + plagioclase (Na + A1)-^Na-rectorite + chlorite
+ quartz
This author suggests that the Na may even have entered the clay 
during sample preparation. The use of distilled water instead of dis­
tilled de-ionized water during disaggregation may have contaminated the 
sample.
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Table 11 Chemical analyses on the Loomis Creek bentonite (CB-4),
analytical uncertainty, and standards used in the analyses.
Fe 0 * = total Fe calculated as *^®2^3
CB-4 CB-4 CB-4 CB-4 analytical
wt. % A B C ave uncertainty
Si02 52.60 53.58 53.88 53.35 + 0.50
AI2O3 34.94 34.50 34.36 34.60 + 0.52
Na20 3.30 3.31 3.28 3.30 + 0.23
K2O 0.90 0.94 1.01 0.95 + 0.28
CaO 1.14 1.14 1.21 1.16 + 0.26
Fe 0 * 2.52 2.56 2.56 2.55 + 0.37
MgO 0.78 0.74 0.77 0.76 + 0.13
Ti02 0.49 0.49 0.53 0.50 + 0.04
MnO 0.05 0.05 0.05 0.05 + 0.001
Standards Used: 70-A (K-feldspar), ZGI-TS (black shale),
GH (Golden Horn granite), RH (rhyolite, 101 collection),
BC-4 (basalt, Columbia River Plateau)
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The modal analysis of sandstone-graywacke for this study was conducted 
by Sue Kinder-Cruver. The study was done to compare the sandstones of the 
Chilliwack Group to the Tertiary Chuckanut Formation (?) of Frasse (1981). 
The Chuckanut Formation (?) is a fault-bounded fragment along the north­
western margin of the Twin Sisters Dunite. It was mapped by Ragan (1961) 
as Tertiary Chuckanut Formation. Frasse (1981) assigned the rocks to the 
Chuckanut Formation (?) based upon the lack of distinct break between 
them and known Chuckanut Formation on ternary Q-F-L, Qp-F-Lt, and Qp-Lv-Ls 
diagrams.
Frasse (1981) counted his samples with sand-sized minerals within 
volcanic grains counted separately and not collectively as a lithic vol­
canic clast (Frasse, personal communication, 1982). The sandstone of the 
Chuckanut Formation (?) is rich in dacitic volcanic lithic grains. In 
this study the volcanic lithic grains are counted as such and not as the 
individual minerals therein. Samples counted for this study include: 
seven sandstones of the Chilliwack Group lower clastic sequence from the 
study area, one sandstone of the Chilliwack Group from the Sauk Mountain 
area, two sandstones of the Elbow Lake-Haystack Mountain unit from the 
study area, and seven sandstones from the Chuckanut Formation (?) of 
Frasse (1981) (see Table 13).
Matrix was counted as material which is not self-supporting and has 
been sufficiently deformed so as to exist only between framework grains. 
Thin sections from this study area were not stained for plagioclase and 
K-feldspar determination. Thin sections of the Chuckanut Formation (?)
were stained; no K-feldpsar was observed. The miscellaneous category 










two chlorite replacing an unknown material, one hole, 
two carbonate replacing an unknown material, and one 
unidentifiable material
one sericite + quartz grain, one hole, and two unidenti­
fiable material
eight totally altered framework grains, four opaque 
minerals not associated with Lv, three chlorite at the 
edge of a vienlet, one possibly altered grain of feld­
spar now sericite, one quartz + white mica lithic frag­
ment, and three chlorite replacing an unknown material 
eight carbonate replacing an unknown material 
two chlorite replacing an unknown material and one 
carbonate vien
one opaque mineral not associatee with Lv and three 
unidentifiable framework grains 
one unidentifiable framework grain
Elbow Lake-Haystack Mountain unit
91-315 - seven unidentifiable lithic fragments, four opaque min­
erals not associated with Lv, three totally altered 
unidentifiable grains, one chlorite replacing an un­
known material , one sericite replacing an unknown 
material, and one pyroxene
91- 423 - ten unidentifiable grains due to alteration and size,
one carbonate in small vienlet, two hornblende reacted 
to chlorite, and two opaques not associated with Lv
Chuckanut Formation (?) (Frasse, 1981)
92- M2 - one opaque not associated with Lv and one altered lithic
probably Lv
92-AAllb- one opaque material of questionable origin
Table 12 Summary of miscellaneous category classification for counted 
sandstones.
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Table 13 Modal analysis of sandstone-graywacke of the Chilliwack Gp. 
and Chuckanut Fm. (?) (Frasse, 1981), Sue Kinder-Cruver 
analyst. Qm = monocrystalline quartz Qp = polycrystal 1ine 
quartz Lv = lithic volcanic Ls = lithic sedimentary 
Q = Qm + Qp F = plagioclase + orthoclase L = Lv + Ls 
Lt = Lv + Ls + Qp
91-127 91-167 91-181 91-238 91-239 91-381 91-4
Quartz (Qm) 0 17 4 2 0 4 1
Quartz (Qp) 0 5 0 0 0 0 0
Plagioclase 15 25 190 58 115 28 11
Lithic (Lv) 159 116 74 170 150 119 154
Lithic (Ls) 9 19 26 1 3 19 19
Biotite 0 4 3 0 1 0 0
Matrix 11 10 37 11 28 26 15
Mi sc. 6 4 16 8 3 4 1
Number of 
Points
200 200 350 250 300 200 200
Litho.
Unit
uPCs uPCs uPCs uPCs uPCs uPCs uPCs
Q 0.0 12.1 1.4 0.9 0.0 2.4 0.5
F 8.2 13.7 64.6 25.1 42.9 16.5 5.9
L 91.8 74.2 34.0 74.0 57.1 81.2 93.5
Qm 0.0 9.3 1.4 0.9 0.0 2.4 0.5
F 8.2 13.7 64.6 25.1 42.9 16.5 5.9
Lt 91.8 76.9 34.0 74.0 57.1 81.2 93.5
Qp 0.0 3.6 0.0 0.0 0.0 0.0 0.0
Lv 94.6 82.9 74.0 99.4 98.0 86.2 89.0
Ls 5.4 13.6 26.0 0.6 2.0 13.8 11.0
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Table 13 Modal analysis of sandstone-graywacke of the Chilliwack Gp. 
and Chuckanut Fm. (?) (Frasse, 1981), Sue Kinder-Cruver 
analyst. Qm = monocrystalline quartz Qp = polycrystalline 
quartz Lv = lithic volcanic Ls = lithic sedimentary
Q = Qm + Qp F = plagioclase + orthoclase L = Lv + Ls
Lt; = Lv + Ls + Qp
91- 91- 92- 92- 92- 92- 92-
315 423 Clb M2 AA5 AAllb AAllb
Quartz (Qm) 46 36 19 10 24 11 40
Quartz (Qp) 7 2 1 3 3 0 1
Plagioclase 72 112 9 2 5 9 34
Lithic (Lv) 41 83 171 177 215 278 116
Lithic (Ls) 14 13 0 0 0 1 1
Biotite 8 1 0 1 0 0 0
Matrix 20 47 0 5 3 0 8
Mi sc. 17 15 0 0 0 1 0
Number of 
Points 225 309
200 200 250 300 200
Litho.
Unit J?E J?E TCh? TCh? TCh? TCh? TCh?
Q 29.4 15.4 10.0 6.8 10.9 3.7 21.4
F 40.0 45.5 4.5 1.0 2.0 3.0 17.7
L 30.6 39.0 85.5 92.2 87.0 93.3 60.9
Qm 25.6 14.6 9.5 5.2 9.7 3.7 20.8
F 40.0 45.5 4.5 1.0 2.0 3.0 17.7
Lt 34.4 39.8 86.0 92.8 88.3 93.3 61.5
Qp 11.3 2.0 0.6 1.7 1.4 0.0 0.8
Lv 66.1 84.7 99.4 98.3 98.6 99.6 98.3
Ls 22.6 13.3 0.0 0.0 0.0 0.4 0.8
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Table 13 Modal analysis of sandstone-graywacke of the Chilliwack Gp. 
and Chuckanut Fm. (?) (Frasse, 1981), Sue Kinder-Cruver 
analyst. Qm = monocrystalline quartz Qp = polycrystalline 
quartz Lv = lithic volcanic Ls = lithic sedimentary 
Q = Qm + Qp F = plagioclase + orthoclase L = Lv + Ls 







Quartz (Qm) 5 37 4
Quartz (Qp) 0 1 0
Plagioclase 1 27 19
Lithic (Lv) 194 117 272
Lithic (Ls) 0 9 2
Biotite 0 0 0
Matrix 0 9 3





Unit TCh? TCh? uPCs
Q 2.5 19.9 1.4
F 0.5 14.1 6.4
L 97.0 66.0 .92.2
Qm 2,5 19.4 1.4
F 0.5 14.1 6.4
Lt 97.0 66.5 92.2
Qp 0.0 0.8 0.0
Lv 100 92.1 99.3





Table 14 Coal rank, vitrinite reflectance values (%R ), for coal of the 
Chilliwack Gp. (sample 91-167), Dr. Marc Bu§tin analyst.
.295 .301 .308 .309 .291 .305 .293
.307 .308 .304 .297 .309 .302 .288
.308 .290 .288 .302 .298 .292 .307
.296 .297 .294 .285 .292 .289 .311
.302 .312 .295 .280 .287 .307 .286
.303 .307 .301 .298 .306 .283 .316
.316 .291 .308 .308 .309 .304 .307
.304 .316 .299 .291 .311 .302
Average %R^ = .300
APPENDIX 6





















meta-diabase. Yellow Aster Complex (?) 
85-7/18/4
Sample locality
Sauk Mountain area (Christenson, 1981) 
Park Butte-Loomis Mtn. area 
Park Butte-Loomis Mtn. area 
Park Butte-Loomis Mtn. area
Park Butte-Loomis Mtn. area 
Park Butte-Loomis Mtn, area 
Lyman Mountain 
Middle Fork Nooksack River 
west of Goat Mountain 






v^- 91-310 Park Butte-Loomis Mtn. area
FeO* = total Fe calculated as Fe^^
+ = MnO = .20 wt. % is assumed for eigenvector calculations of mag­
matic pyroxene compositions based upon data for MnO from table
-— = oxide not analyzed for, charge not calculated
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
91-254 91-350
wt.% 1 2 3 4 ave 1 2
Si02 51.64 50.48 52.27 54.07 52.12 51.22 51.07
AI2O3 1.77 3.42 1.74 1.97 2.23 2.81 2.87
FeO* 10.07 7.38 8.76 6.68 8.22 6.92 6.35
MgO 15.32 16.05 15.85 18.08 16.33 16.10 16.79
-H 0 ro 0.85 0.99 0.69 — 0.84 0.78 0.66
MnO — — 0.20 0.20 — —
CaO 18.29 19.04 18.73 19.63 18.92 19.82 20.20
Na20 0.29 0.28 0.25 0.25 0.27 0.30 0.26
Total 98.23 97.64 98.30 100.88 99.13 97.96 98.19
cationic charge = 12
Si 1.95 1.90 1.96 1.94 1.93 1.92 1.91
A1 IV 0.05 0.10 0.04 0.06 0.07 0.08 0.09
Ti — — — — — — —
2.00 2.00 2.00 2.00 2.00 2.00 2.00
Al^I 0.04 0.06 0.04 0.04 0.05 0.05 0.05
Ti 0.02 0.03 0.02 — 0.03 0.02 0.02
Mg 0.85 0.88 0.89 0.96 0.90 0.88 0.91
Fe-^2 0.32 0.23 0.27 0.21 0.26 0.22 0.20
Mn — — — 0.01 0.01 — —
Ca 0.74 0.77 0.75 0.77 0.76 0.80 0.82
Na 0.03 0.02 0.02 0.02 0.02 0.03 0.02
2.00 1.99 1.99 2.00 2.03 2.00 2.02
Eigenvector Values
^1 -0.74 -0.80 -0.80 — -0.81 -0.81 -0.79
*^2 -2.48 -2.46 -2.46 — -2.51 -2.46 -2.44
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
91-350 91-396
wt.% 3 4 5 ave 1 2 3
Si02 50.59 54.10 53.77 52.15 51.73 51.48 51.71
AI2O3 4.46 2.55 3.16 3.17 2.19 2.35 2.27
FeO* 7.46 6.94 7.67 7.07 8.89 8.15 7.98
MgO 16.36 17.77 16.95 16.79 16.13 16.04 16.51
Ti02 0.84 — — 0.76 0.80 0.78 0.69
MnO — 0.19 0.18 0.19 — — - - .
CaO 20.17 19.46 19.36 19.80 19.07 18.77 18.35
Na20 0.28 0.27 0.28 0.28 0.24 0.26 0.22
Total 100.16 101.28 101.37 100.21 99.04 97.82 97.74
cationic charge = 12
Si 1.87 1.94 1.93 1.91 1.93 1.94 1.95
A1 IV 0.13 0.06 0.07 0.09 0.07 0.06 0.05
Ti — — — — — —
Al^I
2.00 2.00 2.00 2.00 2.00 2.00 2.00
0.08 0.07 0.09 0.06 0.03 0.05 0.06
Ti 0.02 — — 0.02 0.02 0.02 0.02
Mg
Fe-^2
0.87 0.94 0.90 0.90 0.88 0.88 0.90
0.23 0.22 0.24 0.22 0.28 0.26 0.25
Mn — 0.01 0.01 0.01 — — ...
Ca 0.80 0.76 0.76 0.79 0.77 0.76 0.75
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02
2.02 2.02 2.02 2.02 2.00 1.99 2.00
Eigenvector Values
f^l -0.80 — — -0.81 -0.81 -0.80 -0.80
'2 -2.47 — — -2.51 -2.48 -2.47 -2.48
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
91-396 91-132
wt.% ave 1 2 3 4 5 6
Si02 51.64 51.58 50.24 47.32 47.93 47.86 47.22
AI2O3 2.27 2.08 3.32 3.62 3.10 3.83 3.98
FeO* 8.34 11.99 14.08 15.95 14.63 17.31 16.64
MgO 16.23 14.36 12.13 11.42 12.72 9.83 10.37
Ti02 0.76 1.14 1.34 2.44 1.87 3.04 2.87
MnO 0.20"^ — — — — — —
CaO 18.73 18.46 17.97 18.07 18.45 18.09 17.92
Na20 0.24 0.23 0.22 0.25 0.25 0.23 0.24
Total 98.41 99.86 99.31 99.07 98.95 100.19 99.24
cationic charge = 12
Si 1.94 1.93 1.91 1.84 1.85 1.84 1.83
A1 IV 0.06 0.07 0.09 0.16 0.15 0.16 0.17
Ti — — — — — — ---
2.00 2.00 2.00 2.00 2.00 2.00 2.00
AL^I 0.05 0.03 0.07 0.02 0.00 0.02 0.02
Ti 0.02 0.03 0.04 0.07 0.05 0.08 0.08
Mg 0.89 0.80 0.69 0.67 0.74 0.58 0.61
Fe-^2 0.26 0.38 0.44 0.51 0.47 0.55 0.53
Mn — --- — — — — —
Ca 0.76 0.74 0.73 0.74 0.75 0.73 0.73
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02
2.00 2.00 1.99 2.03 2.03 1.98 1.99
Eigenvector Values
-0.80 -0.84 -0.85 -0.91 -0.87 -0.98 -0.95
^2 -2.48 -2.52 -2.51 -2.48 -2.45 -2.55 -2.52
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H, Brown 
analyst.
91-132 91-420
wt.% ave 1 2 3 4 5 6
SiO^ 48.69 45.77 45.78 46.86 48.71 47.62 48.53
AI2O3 3.32 4.87 4.92 4.24 4.77 4.76 4.17
FeO* 15.10 11.91 12.50 11.27 11.45 10.68 10.10




2.12 3.40 3.59 2.68 —
MnO 0.20^^ — — — 0.21 0.21 0.20
CaO 18.16 21.16 21.20 20.53 18.51 21.86 21.37
Na20 0.24 0.40 0.40 0.39 0.41 0.40 0.37
Total 99.64 98.16 98.95 97.91 94.67 97.15 97.65
cationic charge = 12
Si 1.87 1.78 1.77 1.81 1.90 1.83 1.85
A1 IV 0.13 0.22 0.23 0.19 0.10 0.17 0.15
Ti — — — — -- —a
2.00 2.00 2.00 2.00 2.00 2.00 2.00
Al'" 0.03 0.02 0.01 0.02 0.15 0.08 0.07
Ti 0.06 0.10 0.10 0.08 — ...
Mg 0.68 0.62 0.61 0.69 0.63 0.68 0.74
0.48 0.39 0.40 0.36 0.39 0.36 0.34
Mn — — — — 0.01 0.01 0.01
Ca 0.74 0.87 0.86 0.84 0.78 0.90 0.88
Na 0.02 0.04 0.04 0.04 0.04 0.04 0.04
2.01 2.04 2.02 2.03 2.00 2.07 2.08
Eigenvector Values
-0.90 -1.02 -1.04 -0.96 • •••
^2 -2.49 -2.45 -2.47 -2.44 ---- ... - - _
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst
91-420 2-235F
wt. % ave 1 2 3 4 5 ave
Si02 47.21 49.39 47.11 47.25 48.28 45.98 47.60
AI2O3 4.62 4.09 5.97 5.46 5.93 5.75 5.44
FeO* 11.32 6.37 7.83 8.15 6.93 12.12 8.28
MgO 11.38 15.42 13.35 13.47 13.97 11.47 13.54
Ti02 3.22 1.04 2.69 2.66 2.18 3.04 2.32
MnO 0.20 — — — — — _ _ _
CaO 20.77 21.22 21.03 21.11 20.66 20.69 20.94
Na20 0.40 0.29 0.37 0.33 0.41 0.50 0.38
Total 99.12 97.83 98.34 98.44 98.36 99.56 98.70
cationic charge = 12
Si 1.82 1.87 1.79 1.80 1.82 1.76 1.81
A1 IV 0.13 0.13 0.21 0.20 0.18 0.24 0.19
Ti — — — — — — «...
VI
A1
2.00 2.00 2.00 2.00 2.00 2.00 2.00
0.05 0.06 0.08 0.06 0.10 0.04 0.07
Ti 0.09 0.03 0.08 0.07 0.06 0.09 0.07
Mg 0.66 0.84 0.74 0.75 0.76 0.66 0.75
0.38 0.20 0.25 0.26 0.22 0.39 0.26
Mn 0.01 — — — — —
Ca 0.86 0.86 0.85 0.85 0.83 0.83 0.85
Na 0.04 0.03 0.03 0.03 0.04 0.05 0.03
Eigenvector Values
-1.01 -0.83 -0.95 -0.95 -0.92 -0.98 -0.92
<^2 -2.50 -2.41 -2.49 -2.48 -2.50 -2.53 -2.46
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst
92-AC2C 92-AX5a
wt. % 1 2 3 4 5 ave 1
Si02 46.48 45.06 46.97 47.01 47.08 46.52 49.34
AI2O3 4.69 7.18 6.57 5.13 5.76 5.87 5.75
FeO* 13.07 8.76 8.50 12.54 12.18 11.01 12.83
MgO 10.71 12.38 13.17 8.37 10.75 11.08 —
Ti02 1.89 2.00 2.47 3.10 3.11 2.51 1.67
MnO — — — — 0.20"^ —
CaO 19.88 19.98 21.18 20.52 20.54 20.42 —
Na20 0.35 0.37 0.31 0.38 0.42 0.37 0.59
Total 97.06 95.74 99.18 97.07 99.83 97.98 70.17
cationic charge = 12
Si 1.82 1.76 1.77 1.84 1.79 1.80 • ••
A1 IV 0.18 0.24 0.23 0.16 0.21 0.20 • ••
Ti — — — — — • ••
2.00 2.00 2.00 2.00 2.00 2.00 2.00
AlVI 0.05 0.11 0.08 0.09 0.06 0.08
Ti 0.05 0.06 0.07 0.09 0.09 0.07 ...
Mg 0.63 0.71 0.73 0.50 0.61 0.63 ...Fe''^ 0.43 0.28 0.27 0.41 0.38 0.35 —
Mn — — — — — — ...
Ca 0.82 0.83 0.85 0.85 0.82 0.84 ...
Na 0.03 0.03 0.03 0.04 0.04 0.03 ...
2.01 2.02 2.03 1.98 2.00 2.00 —
Eigenvector Values
^1 -0.89 -0.86 -0.93 -1.15 -1.00 -0.94 ...
^2 -2.39 -2.38 -2.49 -2.49 -2.53 -2.44 —
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
92-AX5a 90-200
wt. % 2 3 ave 1 2 3 ave
Si02 47.92 46.07 47.78 46.81 45.33 46.27 46.14
AI2O3 5.10 5.03 5.29 5.35 6.23 5.75 5.78
FeO* 11.04 16.16 13.34 13.25 12.98 12.64 12.96
MgO — 8.60 8.60 10.63 10.98 11.10 10.90
Ti02 1.72 — 1.70 3.53 3.42 3.23 3.39
MnO — — 0.20"^ — — — 0.20'^
CaO — 20.19 20.19 21.41 21.01 20.83 21.08
Na20 0.82 — 0.71 0.34 0.38 0.32 0.35
Total 66.61 96.05 97.81 101.31 100.34 100.15 100.80
cationic charge = 12
Si — 1.85 1.85 1.77 1.73 1.76 1.76
A1 IV — 0.15 0.15 0.23 0.23 0.24 0.24
Ti — — — — — — —
— 2.00 2.00 2.00 2.00 2.00 2.00
Al^I
— 0.10 0.10 0.02 0.03 0.03 0.04
Ti — — — 0.10 0.10 0.09 0.09
Mg — 0.52 0.52 0.60 0.63 0.63 0.62
Fe^2
Mn
— 0.54 0.54 0.42 0.41 0.40 0.41
rin
Ca — 0.86 0.86 0.85 0.84 0.84 0.84
Na — — — 0.03 0.04 0.03 0.03
— 2.02 2.02 2.02 2.05 2.02 2.03
Eigenvector Values
— — -0.93 -1.02 -1.01 -1.00 -1.02
^2 — — -2.42 -2.54 -2.49 -2.51 -2.49
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
85-8/1/3
wt. % 1 2 3 4 5 6 ave
Si02 48.06 46.34 48.95 49.95 48.12 46.81 48.03
AI2O3 5.79 6.83 5.01 3.34 4.60 5.56 5.19
FeO* 6.69 6.86 6.26 5.90 5.80 6.30 6.30
MgO — — — 15.72 14.82 14.07 14.87
—
1 0 N) 2.18 2.77 1.96 — — — 2.30
MnO — — — — — —
0.20^
CaO — — — 21.56 22.04 21.69 21.76
Na20 0.38 0.36 0.32 — — — 0.35
Total 63.10 63.16 62.53 96.46 95.38 94.42 99.00
cationic charge = 12
Si — — — 1.91 1.87 1.84 1.87
A1 IV — — — 0.09 0.13 0.16 0.13
Ti — — — — — — —
— — — 2.00 2.00 2.00 2.00
AlVI
— — — 0.07 0.09 0.11 0.08
Ti — — — — — — —
Mg — — — 0.87 0.83 0.80 0.83
— — — 0.19 0.19
0.21 0.20
Mn — — — — — — —
Ca — — — 0.89 0.92 0.91 0.91
Na — — — — — — —
— — —
2.02 2.03 2.03 2.02
Eigenvector Values
— — — — — — -0.93
'^2 — — — — — — -2.45
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
85-8/17/8 92-El
wt. % 1 2 3 4 ave 1 2
Si02 51.53 49.86 51.86 51.10 51.09 50.48 50.29
AI2O3 2.90 4.32 2.92 3.34 3.37 4.63 4.25
FeO* 9.12 6.84 6.83 8.78 7.89 6.78 6.48
MgO 14.84 15.37 16.55 15.45 15.55 — —
Ti02 1.47 1.11 1.02 1.74 1.34 0.91 0.88
MnO — — — — 0.20"^ — —
CaO 20.21 20.90 19.99 20.00 20.28 — —
Na20 0.26 0.26 0.21 0.18 0.23 0.34 0.26
Total 100.34 98.66 99.38 100.60 99.95 63.15 62.16
cationic charge = 12
Si 1.91 1.87 1.92 1.89 1.89 — —
A1 IV 0.09 0.13 0.08 0.11 0.11 — —
Ti — — — — — — —
2.00 2.00 2.00 2.00 2.00 — —
Al'" 0.05 0.07 0.06 0.05 0.05 — —
Ti 0.04 0.03 0.03 0.05 0.04 —
Mg 0.81 0.83 0.89 0.83 0.84 — —
Fe"2
Mn
0.28 0.22 0.21 0.27 0.25 —
Ca 0.80 0.84 0.80 0.79 0.81 _ ^ _
Na 0.02 0.02 0.02 0.02 0.02 — —
2.00 2.01 2.01 2.01 2.01 — —
Eigenvector Values
-0.88 -0.84 -0.83 -0.89 -0.86 — —
-2.54 -2.46 -2.51 -2.56 -2.51 — —
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
92-El 85-7/18/4
wt. % 3 4 5 6 ave 1 2
Si02 49.87 50.47 49.98 49.31 50.06 51.67 50.98
AI2O3 4.67 4.33 4.15 4.27 4.51 2.83 3.38
FeO* 7.91 6.46 6.43 7.15 6.96 8.63 8.36








CaO — — 20.75 20.78 20.76 19.33 19.40
Na20 0.42 0.28 — — 0.34 0,23 0.23
Total 63.91 62.39 96.92 96.15 99.10 99.41 98.49
cationic charge = 12
Si --- — 1.90 1.89 1.90 1.92 1.91
A1 IV — — 0.10 0.11 0.10 0.08 0.09
Ti — — — — — —
2.00 2.00 2.00 2.00 2.00 2.00 2.00
Al"
— — 0.10 0.10 0.10 0.05 0.07
T1 — — — — — 0.02 0.02




— — 0.21 0.23 0.22 0.27 0.26
_____ 0.85 0.84 0.85 0.77 0.78
Na — — — — — 0.02 0.02
— — 2.02 2.01 2.02 2.00 1.99
Eigenvector Values
fi — — — — -0.82 -0.80 -0.81
1^2
— — — — -2.44 -2.45 -2.48
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Table 15 Chemical analyses (microprobe) for pyroxene, E.H. Brown 
analyst.
85-7/18/4 91-310
wt. % 3 4 5 ave 1 2 3
SiO^ 48.16 50.88 50.17 50.37 46.56 45.25 45.95
Ai^Oa 7.55 3.91 4.13 4.36 3.91 4.53 4.36
FeO* 7.38 7.02 7.11 7.70 9.50 9.52 9.35
MgO 15.19 15.21 15.38 15.42 11.94 12.19 12.33
Ti02 0.86 1.00 0.84 0.85 3.76 4.23 4.04
MnO — — 0.20"^ — —
CaO 18.59 19.72 20.60 19.53 21.92 22.35 22.20
Na20 0.26 0.24 0.24 0.24 0.80 0.61 0.71
Total 97.99 97.98 98.46 98.67 98.39 98.69 98.94
cationic charge = 12
Si 1.81 1.91 1.88 1.89 1.79 1.74 1.76
A1 IV 0.19 0.09 0.12 0.11 0.19 0.22 0.21
Ti — — — — 0.02 0.04 0.03
2.00 2.00 2.00 2.00 2.00 2.00 2.00
AlVI 0.16 0.09 0.07 0.09 — — —
Ti 0.02 0.03 0.02 0.02 0.09 0.08 0.08
Mg 0.82 0.83 0.84 0.84 0.69 0.70 0.70
Fe^ 0.23 0.22 0.22 0.24 0.31 0.31 0.29
Mn — — — — — — —
Ca 0.74 0.80 0.83 0.79 0.90 0.91 0.90
Na 0.02 0.02 0.02 0.02 0.07 0.06 0.06
1.99 1.99 2.00 2.00 2.06 2.05 2.03
Eigenvector Values
-0.77 -0.83 -0.82 -0.80 -1.08 -1.09 -1.08
^2 -2.47 -2.49 -2.44 -2.46 -2.48 -2.47 -2.48
251
































igure 83 classification of pyroxene (after Poldervaart, A. and
Mess, H.H., 1951, Journal of Geology, v. 59, o 4721 
(symbol key, see p. 239)
253
Table 16 Chemical analyses (microprobe) for pumpellyite, E.H. Brown 
analyst.
92-AX5a
wt. % 1 2 3 ave
Si02 33.62 34.65 35.80 34.69
'"2°3 21.70 21.13 21.41 21.41
FeO* 10.63 10.30 10.29 10.41
MgO 1.92 1.99 1.98 1.96
CaO 21.50 21.74 21.53 21.59
Total 89.37 89.92 91.01 90.06
cationic charge = 49
Si 11.74 12.00 12.18 11.98
A1 8.92 8.62 8.58 8.71
Fe"2 3.10 2.98 2.93 3.00
Mg 1.00 1.03 1.00 1.01
Ca 8.04 8.06 7.84 7.98
